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Abstract:  Rotational spectroscopy is an extremely powerful technique that allows for
identification of molecules in different gaseous environments given their rotational spectrum has
been measured, assigned, and least-squares fit to a proper Hamiltonian. Rotational spectroscopy
is unique in that structural isomers, conformers, isotopologues, and vibrational states of a molecule
all have a different rotational spectrum enabling their positive identification in a gas sample. Given
the specificity of the technique and ubiquity of radio frequencies in the interstellar medium (ISM),
the majority of the near 300 molecules detected in the ISM have come from radioastronomy. This
thesis comprises the spectral assignment of five molecules with a unifying theme of providing new
or updated spectroscopic constants for the search of these molecules in the ISM. Additionally,
several molecules (1-cyanocyclobutene, 2-cyanopyrimidine, and cyanopyrazine) have their two
lowest-energy vibrationally excited states Coriolis coupled to each other. This thesis uses a two-
state, Coriolis coupled Hamiltonian to adequately address the measured rotational spectra, which
are greatly affected by this coupling, and this results in an extremely precise determination of the
energy separation between the vibrationally excited states. Two other molecules (ketene and
methacrylonitrile) utilized the spectroscopic constants of different isotopologues along with high-
level theoretical corrections to achieve highly precise and accurate semi-experimental equilibrium
structures (7.°) with general precision to the ten-thousandth of an Angstrom and hundredths of a

degree for bond distances and angles, respectively.
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Data distribution plot for the least-squares fit of spectroscopic data for the
vibrational ground state of cyanopyrazine. The size of the symbol is
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measurement uncertainty, and all values are smaller than 3.
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the lowest-energy fundamental states of cyanopyrazine, v27 (purple) and
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Figure 4.10.

Energy diagram (left) depicting a representative matched pair of nominal
interstate transitions between the v27 (purple) and vi9 (dark green)
vibrational states of cyanopyrazine. Standard “Ro,; transitions within
vibrational states are denoted by vertical arrows. The diagonal, dashed
arrows indicate nominal interstate transitions that are formally forbidden,
but enabled as a result of rotational energy level mixing. Values printed
on each of the arrows are the corresponding transition frequency (in
MHz) with its obs. — calc. value in parentheses. The marked energy
separation is between the two strongly interacting rotational energy
levels. Resonance plots (right) of the K, series of v27 and vi9 that contain
the corresponding resonant transitions identified with a blue box.
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Figure 5.5.  Data distribution plot for the least-squares fit of spectroscopic data for the 125
vibrational ground state of ketene. The size of the outlined circle is
proportional to the value of |(fobs. — fcaic.)/0f|, where of is the frequency
measurement uncertainty. The transitions are color coordinated as
follows: Current work (black), Brown et al.® (purple), Johnson et al.!’

(blue), Guarnieri et al.®(green). Transitions from previous works that
overlapped with current measurements were omitted from the data set.

Figure 5.6.  (a) Stick spectra predicted from experimental spectroscopic constants 127
from 420.0 to 434.0 GHz (top) and experimental spectrum (bottom) of
the ketene and heavy-atom isotopologues. (b) Stick spectra predicted
from experimental spectroscopic constants from 420.0 to 434.0 GHz (top)
and experimental spectrum (bottom) of the [2-2H]-ketene and heavy-atom
isotopologues. (c) Stick spectra predicted from experimental
spectroscopic constants from 411.0 to 425.0 GHz (top) and experimental
spectrum (bottom) of the [2,2-2H]-ketene and heavy-atom isotopologues.
Transitions belonging to vibrationally excited states are also discernible.

Figure 5.7.  Semi-experimental equilibrium structure (re5%) of ketene with 26 132
statistical uncertainties from least-squares fitting of the moments of
inertia from 16 isotopologues. Distances are in Angstroms and the angle
IS in degrees.
Plot of r¢58 Uncertainty (67.°F) as a function of the number of isotopologues
Figure 5.8.  (Niso) incorporated into the structure determination data set for ketene. The 134
total relative statistical uncertainty (6r°t, blue squares), the relative
statistical uncertainty in the bond distances (green triangles), and the
relative statistical uncertainty in the angle (purple circles) are presented.
Plots of the structural parameters of ketene as a function of the number of
Figure 5.9.  jsotopologues (Niss) and their 2c uncertainties. Distance plots use
consistent scales. Colored dashed lines indicate the BTE value. The table
in Fig. 8 indicates the x" isotopologue added to the reSE.
Graphical comparison of the ketene structural parameters with bond
Figure 5.10.  distances in angstroms (A) and angle in degrees (°). Bond distances are 137
set to the same scale. Expansions are provided for each parameter in gray
boxes. Statistical uncertainties for all r.>F parameters are 2c.

—_

35

Chapter 6: Semi-experimental Equilibrium Structure of Methacrylonitrile (re5F) 152

Figure 6.1.  Methacrylonitrile structure with principal inertial axes and standard atom 154
numbering.



Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Figure 6.8.

Methacrylonitrile isotopologues measured in this work (34 in total). Black
atoms correspond to the most naturally abundant isotope. Red carbon, blue
nitrogen, and green hydrogen atoms correspond to 3C, N, and 2H,
respectively.

Stick spectra for vibrational ground state of methacrylonitrile A state
(green) and E state (purple) predicted from experimental spectroscopic
constants from 369 to 378 GHz (top). The experimental spectrum of
methacrylonitrile is on the bottom.

Data distribution plot for the least-squares fit of spectroscopic data for the
vibrational ground state of methacrylonitrile (Fit 1). The size of the
outlined circle is proportional to the value of |(fobs. — fcaic.)/8f|, where &f is
the frequency measurement uncertainty, and values greater than 3 are
outlined in red. A and E state transitions are green and purple, respectively.

Data distribution plot for the least-squares fit of spectroscopic data for the
vibrational ground state of methacrylonitrile (Fit I1). The size of the
outlined circle is proportional to the value of |(fobs. — fcaic.)/5f|, where &f is
the frequency measurement uncertainty, and values greater than 3 are
outlined in red. A and E state transitions are green and purple,
respectively.

Semi-experimental equilibrium structure (re>F) of methacrylonitrile with
2o statistical uncertainties from least-squares fitting of the moments of
inertia from 32 isotopologues. Distances are in Angstroms and the angles
are in degrees.

Plot of r.°€ Uncertainty (67°F) as a function of the number of
isotopologues (Niso) incorporated into the structure determination data set
for methacrylonitrile. The total relative statistical uncertainty (67, blue
squares), the relative statistical uncertainty in the bond distances (green
triangles), and the relative statistical uncertainty in the angles (purple
circles) are presented.

Plots of the structural parameters of methacrylonitrile as a function of the
number of isotopologues (Niso) and their 2 uncertainties. Distance and
angle plots use consistent scales, respectively. Colored dashed lines
indicate the BTE value. Oc2-ca-n is held fixed at the BTE value and is shaded
insgray. The table in Fig. 6.7 indicates the x™ isotopologue added to the
le
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Figure 6.9.  Graphical comparison of the methacrylonitrile structural parameters with 182
bond distances in angstroms (A) and angles in degrees (°). Bond
distances and bond angles are set to the same scales, respectively.
Statistical uncertainties for all re¢ parameters are 2c besides Ocz-ca-n
which was held fixed at the BTE value.

Appendix B: Electrical Discharges of Various Molecules

Fig. B.1. ArH" vibrational ground-state rotational transition from J=0to J= 1 242
observed at 615858.25 MHz.

Fig. B.2. ArH™ first vibrationally excited-state rotational transition fromJ=0toJ 243
=1 observed at 593512.15 MHz.

Fig. B.3. ArD" first vibrationally excited-state rotational transition fromJ=1toJ 243
=2 observed at 618176.25 MHz.

Fig. B.4. KrH" vibrational ground-state rotational transition from J=0to J =1 244
observed at 494515.35 MHz.

Fig. B.5. XeD" rotational spectrum from 588600 MHz to 589200 MHz and 246
contains several isotopologues and hyperfine transitions of *'XeD".

Fig. B.6. 126XeD" first vibrational ground-state rotational transition fromJ=2toJ 247
= 3 observed at 589213.85 MHz.

Fig. B.7. 124XeD" first vibrational ground-state rotational transition fromJ=2toJ 247
= 3 observed at 589362.55 MHz.

Fig. B.S. H,D" vibrational ground-state rotational transition, 11,0« 11,1, observed 248
at 372421.47 MHz.

Fig. B.9. N>OH" vibrational ground-state rotational transition, 18,18 «— 170,17, 249
observed at 402764.28 MHz

Fig. B.10. Trial 1 of CH3CO" vibrational ground-state rotational transition, 24¢«— 251
230, previously observed at 438233.877 MHz.

Fig. B.11. Trial 29 of CH3CO" vibrational ground-state rotational transition, 249« 252
230, previously observed at 438233.877 MHz.

Fig. B.12. Trial 2 of CH3CO" vibrational ground-state rotational transition, 24¢«— 254
230, previously observed at 438233.877 MHz.



Fig. B.13.

Fig. B.14.

Fig. B.15.

Trial 7 of CH3CO" vibrational ground-state rotational transition, 24¢«—
230, previously observed at 438233.877 MHz.

Trial 14 of CH3CO" vibrational ground-state rotational transition, 24«
230, previously observed at 438233.877 MHz.

Trial 11 of CH3CO" vibrational ground-state rotational transition, 24«
230, previously observed at 438233.877 MHz.
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Chapter 1: Thesis Overview

Rotational spectroscopy is the unifying aspect of all the chapters in this thesis, particularly
its implementation to facilitate the search for astrochemically relevant molecules via
radioastronomy, to determine a highly precise and accurate semi-experimental equilibrium
structure (r.°F), and least-squares analysis of Coriolis-coupled excited states. The pure laboratory
rotational spectra of astrochemically relevant molecules are highly desirable because observational
spectra are usually due to a complex mixture of various molecules. This mixture makes it quite
difficult to assign molecular transitions for an unknown molecular species. Laboratory rotational
spectroscopists acquire spectra of molecules that are believed to be present in various space
environments and fully assign molecular transitions via a least-squares fit to the rotational
Hamiltonian of the molecule. Once this process is complete, radioastronomers can be confident
that if a series of molecular transitions are present in their observational spectra, that molecule is
present in that environment. Radioastronomers can be confident in this assignment, since the
rotational spectrum of any molecule is unique; a rotational spectrum is specific to the
conformation, vibration, and isotopologue of that molecule. Furthermore, radioastronomy is a
primary tool to observe various gaseous space environments because background radiation and
collisions between molecules result in photon emission between rotational energy levels. A rich
chemical diversity has been observed in the interstellar medium (ISM) and circumstellar shells,
with about 300 molecules detected to date.!”*® Among these molecules, the cyano moiety is quite
prevalent, due to its typically large permanent dipole moment and due to the relative abundance of
carbon and nitrogen in the ISM. The McMahon | Woods research group has been interested in

21-27

expanding two areas of organic nitriles: aryl nitriles/isonitriles and nitrile-containing isomers

28-32

of pyridine. Chapter 2 focuses on one of the nitrile-containing isomers of pyridine, 1-



cyanocyclobutene®?, while Chapters 3 and 4 focus on 2-cyanopyrimidine and cyanopyrazine,
respectively. Radioastronomers have searched for pyridine, pyrimidine, and pyridazine in the
ISM, but they have been unsuccessful to date.’® Pyrazine has no permanent dipole moment, so it

cannot be detected by radioastronomy.

Pyridine is a common component of various biotic molecules®*, e.g., vitamins and co-
enzymes, so its presence in the ISM would be evidence of a prebiotic molecule being present in
these environments. The detection of an isomer of pyridine, e.g., 1-cyanocyclobutene, could act
as a tracer for and suggest the presence of pyridine. The cyano substituent of 1-cyanocyclobutene
increases the permanent dipole moment in comparison to that of pyridine, thus favoring the
likelihood of 1-cyanocyclobutene detection if these isomers are present at similar abundances.
Before our work, there had not been a measured rotational spectrum of 1-cyanocyclobutene, and
thus, the molecule could not have been sought by radioastronomers. The lack of analysis is likely
due, at least in part, to the fact that 1-cyanocyclobutene is not commercially available. For our
study, it was synthesized by Dr. Sam Kougias, a graduate student in our research group (now
graduated). We observed, assigned, and least-squares fit the rotational spectrum from 130 GHz to
360 GHz for the vibrational ground state and two lowest-energy vibrationally excited states of 1-
cyanocyclobutene. = The completion of the ground-state least-squares fit now allows
radioastronomers to search for rotational transitions of 1-cyanocyclobutene in the ISM. The least-
squares fit for the rotational transitions for each vibrational state in the Coriolis-coupled dyad of
the two lowest-energy vibrationally excited states of 1-cyanocycylobutene allowed for the
determination of a precise energy separation with ~0.000004 cm™! precision. Without this least-
squares fit, no rotational transitions from either vibrational state could be predicted and assigned

in any observational data, because the Coriolis coupling shifts rotational transitions sometimes



GHz from their original predictions. This work was published in the Journal of Physical Chemistry

A, and a reprint of that article is located in Appendix C.

Chapters 3 and 4 cover similar projects where the rotational spectra were measured from
130 GHz to 500 GHz for both 2-cyanopyrimidine and cyanopyrazine. These works were published
in the Journal of Molecular Spectroscopy, and a reprint of these articles are located in Appendix
C. These chapters have similar motivation to Chapter 2 regarding the vibrational ground state of
each molecule, because — being derivatives — these molecules could act as tracer molecules for
pyrimidine and pyrazine in various interstellar environments. The rotational transitions for the
ground state of each molecule were measured, assigned, and least-squares fit to a partial-octic
distorted-rotor Hamiltonian. The overall uncertainties of these least-squares fits are below the 50
kHz measurement uncertainty of our spectrometer. Most of the least-squares fitting of 2-
cyanopyrimidine was performed by me, while the majority for cyanopyrazine was performed by
Dr. Brian Esselman. Neither molecule had previously had its rotational spectrum published, so
our work allows radioastronomers to search for the heterocyclic aromatic molecules in the ISM.
The two lowest-energy vibrationally excited states of each molecule are also Coriolis coupled, and
we were able to complete a detailed least-squares fit analysis for each dyad, resulting in a similar
precision in the energy separation between vibrational states of each molecule. In addition to the
completion of these two Coriolis-coupled dyad least-squares fit, our research group has now
completed a variety of Coriolis-coupled dyad least-squares fits for aromatic molecules,*!-*?7
which has allowed us to explore any trends observed. Analysis of additional Coriolis-coupled
dyads will allow more detailed comparisons to be made and could give insight into the vibrational

motions and bonding of aromatic molecules. Extensive work was performed by Dr. Andrew

Owen, a former graduate student, to theoretically predict vibrational coupling parameters, which



was presented in his thesis.>> More insight into the differences between the theoretical predictions
and experimental values for various coupling parameters can be gained as our group increases the

number of vibrationally-coupled excited state that have been successfully least-squares fit.

A semi-experimental (7.°F) equilibrium structure and high-level theoretical structures of
ketene (H2CCO) are presented in Chapter 5. This work was published in the Journal of Chemical
Physics, and a reprint of that article is located in Appendix C. The previous literature on the
rotational and vibrational spectroscopy of ketene is plentiful, with the first reports dating back over
70 and 85 years, respectively. During this time, various structures of ketene were reported with
improving precision as more isotopologues were measured, computational chemistry advanced,
and experimental techniques and technologies improved. The first structures of ketene were

substitution structures (r5) based off of Kraitchman’s seminal paper.’®

The first complete
substitution structure, where every atom was isotopically substituted once, was completed in 1990
by Brown et al’> Fundamentally, a substitution structure does not represent the equilibrium
structure of a molecule, because it does not take vibration-rotation interactions or electron-mass
distribution into account. For a direct comparison to theoretical equilibrium structures (7.), a
technique, the semi-experimental equilibrium structure (r.°%), was pioneered by Pulay, Meyer, and
Boggs.’” This approach relies on making computational corrections to ground-state rotational
constants (By) to obtain equilibrium constants (B.) and using these in a non-linear least-squares fit
to optimize structural parameters of a molecule. Different computational theories have been
utilized since its inception for these corrections, e.g., Density Functional Theory (DFT) or Coupled
Cluster theory (CC). In the last 20 years, it has been shown that computational corrections

calculated by Coupled Cluster theory result in the most accurate molecular structures.>®** In our

work, five isotopologues, [2-°H, 1-'3C]-ketene, [2-2H, 2-'*C]-ketene, [2-2H, '®0]-ketene, [2-°H,



70]-ketene, and [2,2-*H, '"O]-ketene, were newly measured, and the rotational spectra of
previously known isotopologues were also extended to 750 GHz. The least-squares fitting of the
rotational constants from 16 isotopologues, along with computational corrections from coupled
cluster calculations with single, double, and perturbative triple excitations [CCSD(T)/cc-pCVTZ]
resulted in the most precise and accurate structure of ketene to date. The resultant .°F structural
parameters were compared to the best theoretical estimate (BTE), described in Chapter 5, and all
BTE values showed agreement with the respective .5t structural parameters within their 2c
uncertainties. The discrepancies between the BTE structure and the reSE structure for each
structural parameter are 0.0003 A, 0.0000 A, and 0.0004 A, for rc ¢, rc_n, and rc_o, respectively,
and 0.009° for & _c_+. The precision from the 7.5E structural parameters is astonishing, with heavy-
atom bond lengths determined to ten thousandths of an Angstrom and the bond angle determined
to thousandths of a degree. For perspective, the precision of the bond lengths is only an order of
magnitude larger than the radius of a carbon nucleus, 2.47 fm.** The presented r.°F helps to set
the precedent on how precise a semi-experimental equilibrium structure can be with high level

theoretical corrections and could act as a benchmark for newer theoretical structure calculations.

Chapter 6 details a semi-experimental equilibrium structure (re°%) of methacrylonitrile
(C4HsN), along with an extension of its measured rotational spectrum to 500 GHz. A total of 34
isotopologues of methacrylonitrile were observed, measured, and least-squares fit to determine
precise spectroscopic constants. These 34 isotopologues comprise the protic, heavy-atom
substituted isotopologues of the protic, every combination of deuterium substitution, and the
heavy-atom substitutions of the perdeuterio isotopologue. Due to the presence of a methyl
functional group, the main isotopologue was least-squares fit with the XIAM*!' program to account

for the internal rotation splitting of rotational transitions. All other isotopologues were treated as



simple distorted rotors, because the isotopologues that would have visible internal rotation splitting
(heavy-atom substituted isotopologues of the protic, [1-?Hcis], [1-?Htrans], and [1,1-2H]) were in low
abundance, so only unsplit rotational transitions were observed. Due to the inability to precisely
determine the rotational constants for two heavy-atom substituted isotopologues of the perdeuterio,
32 isotopologues were utilized in the least-squares fit of the structure determination.
Methacrylonitrile is the first reF structure determination from our group where a structural
parameter was held constant at the calculated BTE value, due to the inability to determine the
parameter with a high level of precision and the resulting effects to other structural parameters.
This issue was attributed to three atoms lying extremely close to a principal axis, and to the
inability of the 32 isotopologues to significantly rotate the principal axes away from these three
atoms. The near-axis problem has been discussed previously,*?*® but no universal solution is
available. The solution in this work — holding the 6c2-cs-n fixed to the BTE value — is an empirical
solution to the near-axis problem, and the resulting r¢°E is of similar precision to our previously
determined semi-experimental equilibrium structure determinations.*®>®* The 2o uncertainties of
the reSE parameters are < 0.0008 A and < 0.053° for the bond distances and angles, respectively.
In total, 12 of the 16 reSF structural parameters agree with the BTE values to within their respective
2c uncertainties. The specific parameters that are not in agreement between the BTE and r.°t
values and the overall attempt to determine a highly precise and accurate re5 structure given this

near-axis problem are discussed.

Additionally, | travelled to the Canadian Light Source (CLS) synchrotron in December
2021 with Professor Claude Woods and Sam Wood, a current graduate student, to record the
Fourier-transformed infrared spectra of HNz and DNs. Both HNsz and DNz were separately

synthesized in a custom-built apparatus, which will be discussed in detail in Sam Wood’s thesis,



on-site at the CLS. Further studies were performed by on-site research scientists during January
and February 2022. The total data collection at CLS resulted in the infrared spectrum of HN3 and
DN3 being measured from 30 cm™! to 5000 cm™! with a precise resolution of ~0.0009 cm™! with
varying pressures between 1 and 100 mTorr. The resulting data has allowed Professor Claude
Woods to thoroughly examine and assign vibrational transitions for over a dozen and over twenty
vibrational states of HN3 and DNg, respectively. Professor Claude Woods presented the results
and current progress of this analysis for DNz in two presentations at the International Symposium
on Molecular Spectroscopy (ISMS) in 2022 and 2023.>*% The data collected at the CLS along
with previously collected millimeter-wave spectra could allow for a global treatment of the
vibrational coupling for a majority of these vibrational states, which would be the first of its kind

and would set a precedent for the most complex vibrational coupling to be fully treated.
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ABSTRACT:

The rotational spectrum of 1-cyanocyclobutene from 130 to 360 GHz has been observed,
assigned, and least-squares fit for the ground state and the two lowest-energy vibrationally excited
states. Synthesis by UV photochemical dimerization of acrylonitrile and subsequent base-
catalyzed dehydrocyanation affords a highly pure sample, yielding several thousand observable
rotational transitions for this small organic nitrile. Over 2500 a-type, R-branch transitions of the
ground state were least-squares fit to low-error with partial-octic A- and S-reduced Hamiltonians,
providing precise determinations of the corresponding spectroscopic constants. In both reductions,
computed spectroscopic constants are in close agreement with their experimentally determined

counterparts. Two vibrationally excited states (v27and vi7) form a Coriolis-coupled dyad,
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displaying many a-type and b-type local resonances and related nominal interstate transitions.
Somewhat unexpectedly, despite the very small permanent b-axis dipole moment, a number of b-
type transitions could be observed for the v17 state; this is explained in terms of state mixing by the
Coriolis perturbations. Over 2200 transitions for each of these states were least-squares fit to a
low-error, two-state, partial-octic, A-reduced Hamiltonian with nine Coriolis-coupling terms (Ga,
Ga’, G, Ga¥, Fuc, Fuck, Gb, Gb’, and Fa). The availability of so many observed rotational
transitions, including resonant transitions and nominal interstate transitions, enabled a very
accurate and precise determination of the energy difference (AE2717 = 14.0588093 (43) cm™?)
between v27 and vi7. The spectroscopic constants presented herein provide a starting point for

future astronomical searches for 1-cyanocyclobutene.

INTRODUCTION

The interstellar medium (ISM) and circumstellar shells are known to contain complex and
diverse chemical environments, with almost 250 molecules currently detected, including many
new detections in the last few years.}? Organic nitriles comprise an important subset of interstellar
molecules because of their chemical relationship to molecules of prebiotic relevance, e.g.,
pyridine. The cyano moiety is prevalent among organic species detected in the ISM because their
typically large permanent dipole moments lead to a higher likelihood that molecules containing
this functional group may be detected via radioastronomy, relative to other functionalities. The
assignment of laboratory rotational spectra of organic nitriles is highly desirable to facilitate the
detection of new molecules in the ISM. We have been interested in expanding two areas of organic
nitrile assignments: aryl nitriles/isonitriles®® and nitrile-containing isomers of pyridine.”*® The
aryl nitriles/isonitriles are of interest as possible tracer molecules for molecular species, e.g.,

benzene, pyridine, pyrimidine, pyrazine, and pyridazine. While pyridine, pyrimidine, and
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pyridazine have permanent dipole moments, they have been sought unsuccessfully in the ISM,
The addition of the cyano substituent could be beneficial by significantly increasing the dipole
moment, allowing the substituted species to serve as a tracer molecule for the parent species.
Benzene and pyrazine do not have a permanent dipole; while the former has been detected by
infrared spectroscopy, tracer molecules are necessary for their existence in the ISM to be inferred
by radioastronomy. The recent detections of benzonitrile,*? 1- and 2-cyanoaphthalene'®, and 1-
cyano-1,3-cyclopentadiene!* signify great advances utilizing this technique and strongly
encourage further studies of the laboratory rotational spectra of nitrile-containing tracer molecules.

Nitrogen-containing isomers of pyridine (CsHsN) provide similar motivation as tracers of
pyridine’s presence in various environments. Importantly, the detection, or lack thereof, of
particular CsHsN isomers could help elucidate the reaction chemistry of small organic nitriles
and/or pathways for formation of aromatic molecules such as pyridine. We recently investigated
seven structural isomers of pyridine (including the present case) that are shown in Figure 2.1,
several of which are proposed to be a part of complex, astrochemically relevant processes.t®'’
Two derivatives, E- and Z-1-cyano-1,3-butadiene (E-1, Z-1) have recently been detected via
laboratory rotational spectroscopy in various chemical environments.'®1° Another 1,3-butadiene
derivative, 2-cyano-1,3-butadiene (3), has been generated by UV irradiation of cyanoacetylene and
ethylene.?® In terms of potential relevance to astrochemistry, 1-cyanocyclobutene (5) has been
generated by photolysis of 2-cyano-1,3-butadiene,?® and the reverse transformation can be
achieved by thermolysis.???®> Due to their proposed importance and recent detection in reactive

environments, the astronomical search for these isomers seems warranted.
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Figure 2.1. CsHsN isomers that have been studied by rotational spectroscopy: (E)-1-cyano-1,3-
butadiene (E-1), (2)-1-cyano-1,3-butadiene (Z-1), 4-cyano-1,2-butadiene (2), 2-cyano-1,3-
butadiene (3), (cyanomethylene)cyclopropane (4), 1-cyanocyclobutene (5), 4-cyano-1-butyne (6),
and pyridine (7).

1-Cyanocyclobutene (5), the pyridine isomer presented in this work, has a planar, four-
membered ring. The © bond within the ring enforces the planarity of the ring by greatly restricting
the ability of the carbon atoms to move out-of-plane. Structurally similar, four-membered ring
molecules with w-conjugated substituents have been studied by rotational spectroscopy, e.g., B-
propiolactone (10)**% and diketene (11) (Figure 2.2).2” Each of these species, like
cyanocyclobutene, has a planar ring due to the presence of sp>-hybridized carbon atoms in the ring
or conjugation between ring atoms and substituents. Unlike the molecules mentioned above,
rotational or vibrational spectra of 1-cyanocyclobutene (5) have not been reported in the literature.
Cyanocyclobutane (8), due to its fully saturated ring, exhibits two non-planar conformers (—CN
equatorial or axial), which have been well-studied by rotational and vibrational spectroscopy.?-32
While the fully unsaturated cyanocyclobutadiene (9) has been generated and characterized under
matrix-isolation conditions, it has not been analyzed via gas-phase spectroscopy. Exploration of

the spectroscopy and structures of these similar compounds allows meaningful comparisons to be

made of these strained four-membered ring systems.
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Figure 2.2. Structurally similar four-membered ring species: cyanocyclobutane (8), 1-

cyanocyclobutene (5), cyano-1,3-cyclobutadiene (9), p-propiolactone (10), and diketene (11).

EXPERIMENTAL AND THEORETICAL METHODS

Synthesis

1-Cyanocyclobutene (5) has been prepared via a number of synthetic methods: photo-
induced 4r electrocyclization from 2-cyano-1,3-butadiene (3),%! ring expansion from 1-cyano-
bicyclo[1.1.0]butane,** base-catalyzed elimination from 1-chloro-2-cyanocyclobutane?? *® or 1,2-
dicyanocyclobutane,?? % dehydration of 1-cyclobutene-1-carboxamide,*® or photocatalyzed [2+2]
cycloaddition of ethylene and cyanoacetylene.?” To prepare a sample for analysis via rotational
spectroscopy, the base-catalyzed elimination of 1,2-dicyanocyclobutane described by Gale and
Cherkofsky?? was utilized. By this route, 1-cyanocyclobutene (5) could be selectively obtained on
multi-gram scale in a two-step synthesis starting from acrylonitrile and isolated from the 1,2-
dicyanocyclobutanes by distillation. As shown in Scheme 2.1, acrylonitrile (12) was photo-
dimerized to generate 1,2-dicyanocyclobutane (13) via a [2+2] cycloaddition in 66% yield using
Mo(CO)s as a photosensitizer.®® Depending on the reaction conditions, this dimerization can
produce predominantly the trans stereoisomers of 1,2-dicyanocyclobutane®® or a mixture (58:42)
of trans and cis (1,2-dicyanocyclobutane) isomers.*® As evidenced by the 'H NMR data provided
in the Supporting Information, our reaction yielded an approximately a 1:1 mixture of the trans

and cis diastereomers. Dehydrocyanation of the mixture of 1,2-dicyanocyclobutane isomers (13)
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by passing through a heated quartz tube packed with Ascarite afforded the desired compound, 1-

cyanocyclobutene (5) in 11% yield.

Scheme 2.1. Syntheses of 1,2-Dicyanocyclobutane (13) and 1-Cyanocyclobutene (5).

CN hv CN
(@ = [[i ~1:1 trans / cis
Mo(CO)e, PPh3
CN 66%°
12 MeCN, 72 h 13
CN CN

Ascarite
(b) [[: 0w

CN 225 °C, 2 Torr
13 5

@ ]solated yield

Spectroscopy

Using a millimeter-wave spectrometer that has been previously described,* #! the rotational
spectrum of 1-cyanocyclobutene was collected from 130 to 230 GHz and from 235 to 360 GHz,
in a continuous flow at room temperature, with a sample pressure of 4 mTorr. The separate spectral
segments were combined into a single broadband spectrum using Kisiel’s Assignment and
Analysis of Broadband Spectra (AABS) software.***® Pickett’s SPFIT/SPCAT* was used for
least-squares fits and spectral predictions, along with the PIFORM, PLANM, and AC programs
for analysis.***#® A uniform frequency measurement uncertainty of 50 kHz was assumed for all

measurements.
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Computational Analysis

Electronic structure calculations were carried out with Gaussian 164’ using the WebMO*
interface to obtain predicted values for various spectroscopic constants. Optimized geometries at
the B3LYP/6-311+G(2d,p) and the MP2/6-311+G(2d,p) levels were obtained using “verytight”
convergence criteria and an “ultrafine” integration grid, and subsequent anharmonic vibrational
frequency calculations were carried out. Although the B3LYP predictions of the spectroscopic
constants were adequate to begin the analysis, they did not have the expected agreement with the
experimental spectroscopic constants. Thus, MP2 calculations were performed, and these had
slightly closer agreement with the experimental constants. All computational output files can be

found in the Supporting Information.

RESULTS AND DISCUSSION
Ground Vibrational State

1-Cyanocyclobutene (Figure 2.3) is a highly prolate, asymmetric top molecule (x = —0.94)
with a strong dipole moment along its a-principal axis (ua = 4.2 D, MP2) and much weaker b-
component (up = 0.07 D, MP2). The experimental spectrum from 130 — 360 GHz is dominated by
8Ro,1 transitions that appear in clearly observable bands sharing a single J value (Figure 2.4). In
this frequency range, the (+) and (—) symmetry 2Ro 1 transitions are degenerate for the initial series,
Ka=0"and Ka=1" but lose degeneracy at higher Ka. The (+) and () symmetry transitions become
degenerate at different J values depending on the particular band. As the Ka quantum number
increases, transitions of the two symmetries attain Ka degeneracy. The transitions in the series
shown in Figure 2.4 become prolate (Ka) degenerate at Ko = 10. This series continues to even

lower frequency as the Ka value increases until the transitions become too weak to be observed.
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These bands are separated by approximately Bo + Co (~ 4.5 GHz). Transitions for the singly
substituted heavy isotopologues, *C and *°N, could not be detected at their natural abundance.
We attribute this to the spectral density arising from the ground and vibrationally excited states of
the main isotopologue. Thus, the work presented herein addresses only the analysis of the ground

vibrational state and first two vibrationally excited states of the normal species.

Figure 2.3. 1-Cyanocyclobutene (5, Cs, CsHsN) structure with principal inertial axes (1a = 4.2 D,
1 =0.07 D, MP2/6-311+G(2d,p)).
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Figure 2.4. Predicted (top) and experimental (bottom) rotational spectra of 1-cyanocyclobutene
(5) from 194.3 to 195.2 GHz. Ground-state transitions for the J" + 1 = 44 band appear in dark

blue, v27 in purple, and vi7 in green. The complete frequency spectrum from 130 to 360 GHz was
obtained automatically over approximately six days given these experimental parameters: 0.6
MHz/sec sweep rate, 10 ms time constant, and 50 kHz AM and 500 kHz FM modulation in a tone
burst design.

Over 2500 transitions, represented in Figure 2.5, were measured and least-squares fit to
partial-octic, distorted-rotor Hamiltonians in the 1" representation for both the A (ofit = 0.024 MHz)
and S reductions (ofit= 0.024 MHz). The resulting values of the spectroscopic constants are shown
in Table 2.1, along with their computational counterparts. The computed rotational constants
(MP2/6-311+G(2d,p)) are within 1% of the experimental values. Even with this relatively small
difference, the predicted sum of Bo + Co is approximately 37 MHz too small, which results in 2R 1
band locations off by 1.3 — 4.1 GHz with J" + 1 ranging from 32 to 87. While line assignments

inside these obvious bands are initially challenging from computational predictions, the R-branch

Ka = 0 series, which are ouside of these bands and have spacing that mainly depends on Co, were
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the first targets for assignment. This series was readily identified via a Loomis-Wood plot and
subsequent assignment and least-squares fitting was straightforward. The computed quartic
centifugal distortion constants agree quite well with the experimental values, the largest
discrepancies being in 8 (5%) and in d2 (6%) for the A- and S-reductions, respectively. Likewise,
there is satisfactory agreement between the computed and experimental sextic distortion constants,
with the largest discrepancies being in ¢y (32%) and in hs (9%) for the A and S reductions,
respectively. The transitions included in the final data set were insufficient to satisfactorily
determine the sextic constants @, Hk, or h1. These constants were held at their computed values,
in a manner similar to previous works where there were only a-type transitions across a similar
range of J and K values.*® Even with the inability to determine a complete set of sextic distortion
constants, three octic centrifugal distortion constants, Lyk, Li, and Lkki, were satisfactorily
determined and their inclusion improved the crit. Presently, no commonly available computational
software is able to predict octic centrifugal distortion constants, so the octic constants that were
not determined were held at zero in the least-squares fit. This likely affects the reported octic
distortion constants and somewhat reduces their physical meaningfulness compared to the well-

determined quartic and sextic distortion constants.
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Figure 2.5. Data distribution plots for the least-squares fit of spectroscopic data for the vibrational
ground state of 1-cyanocyclobutene (5). R-branch transitions are represented by black circles. The
size of the symbol is proportional to the value of |(fons. — fcaic.)/0f], where Jf is the frequency
measurement uncertainty, and all values are smaller than 3.



Table 2.1. Spectroscopic Constants for the Ground Vibrational State of 1-Cyanocyclobutene (S- and A-reduced Hamiltonian, I" representation).

S Reduction, I" representation A Reduction, I" representation
Experimental Mp2 @ Experimental Mp2 @

Ao (MH2z) 12492.5719 (78) 12418 Ao (MH2z) 12492.5807 (81) 12418
Bo (MHz) 2364.413212 (66) 2344 Bo (MHz) 2364.41929 (11) 2344
Co (MH2z) 2038.935375 (72) 2022 Co (MH2z) 2038.929419 (99) 2022
D; (kHz) 0.112235 (11) 0.108 A3 (kHz) 0.135307 (18) 0.129
Dk (kHz) 5.513431 (92) 5.39 A (kHz) 5.37497 (12) 5.26
Dk (kHz) 3.046 (74) 3.18 Ak (kHz) 3.252 (75) 3.28
di (kHz) —0.0204606 (23) —0.0194 0 (kHz) 0.020490 (11) 0.0194
d2 (kHz) —0.0115338 (69) —0.0108 o (kHz) 2.9188 (18) 2.80
Hy (Hz) —0.00004395 (77) —0.0000441 @; (Hz) 0.0000146 (19) 0.0000103
Hik (Hz) 0.011349 (15) 0.0109 @ik (Hz) 0.01604 (32) 0.0155
Hks (Hz) —0.070845 (85) —0.0718 @ (Hz) —0.0875 (11) —0.0880
Hk (Hz) [0.0710] 0.071 ax (Hz) [0.0825] 0.0825
h: (Hz) [—0.000000621] —0.000000621 | ¢y (Hz) 0.00000622 (99) 0.00000417
h2 (Hz) 0.00002895 (78) 0.0000272 o (Hz) 0.00802 (20) 0.00774
hs (Hz) 0.00000527 (33) 0.00000479 | ¢« (H2) 0.163 (14) 0.165
Lak (uHz) —0.0000326 (12) Lik (uH2) —0.0000387 (12)
Lik (uHz) 0.0004759 (53) Lk (uHz) 0.000300 (16)
Lkks (uHZ) —0.005681 (28) Lk (uHZ) —0.005089 (57)
Ai (UA?) be —6.334144 (27) Ai (UA?) be —6.332842 (31)
Niines 2529 Niines 2529
otit (MHz) 0.024 ofit (MHz) 0.024

2 Evaluated with the 6-311+G(2d,p) basis set. ° Inertial defect, 4 = I — I. — lp. ¢ Calculated using PLANM from the Bo constants. ¢ Number of fitted transition
frequencies

(44
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Fundamental Vibrational States v27 and vi7

The vibrational energy manifold of 1-cyanocyclobutene below 550 cm™ (Figure 2.6)
consists of the ground state and three sets of vibrationally excited states. The first set is a Coriolis-
coupled dyad of the two lowest-energy vibrationally excited states (v27 and vi7). The next-lowest
energy set of vibrational states consists of a likely Coriolis-, Fermi-, and Darling-Dennison-
coupled tetrad of the corresponding two-quanta vibrational states (2v27, v27+vi7 and 2vi7) and
fundamental vzs. Near 500 cm™?, the three-quanta states of v27 and vi7 form a complex polyad
with va7+vae, Vi7+vae, vos, and vie. While all of these states are sufficiently intense to be observed
in the current spectral data, this work strictly focuses on the Coriolis-coupled dyad of v»7 and vi7 at
ca. 165 cm™. The lowest-energy fundamental state, v27 (A", 159 cm™1), is an out-of-plane bend of

the cyano
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Figure 2.6. Vibrational energy levels of 1-cyanocyclobutene (5) below 550 cm™ from computed
fundamental frequencies (MP2/6-311+G(2d,p)). The value of AEj717 results from the
experimental perturbation analysis of v27 and v17 in this work.

substituent, with a simultaneous distortion of the cyclobutene ring by a large motion of the C(3)H>
group with respect to C(1). The second-lowest energy fundamental state, vi7 (A', 173 cm™2), is an
in-plane bend of the cyano substituent, combined with some in-plane distortion of the cyclobutene
ring. The two lowest-energy vibrational states are expected to have strong interactions, due to the
small predicted energy separation (14 cm™) and the combination of relatively large Ay rotational
constants, Coriolis ¢ values, and J values observed in this frequency range. As expected, a single-
state model could not adequately predict or fit the transitions observed for either vibrationally
excited state. Therefore, a two-state, partial-octic, A-reduced Hamiltonian was employed to model
vo7 and vi7 in a manner similar to our previous work on (cyanomethylene)cyclopropane.® The

least-squares fit incorporated at least 2200 transitions for each vibrationally excited state and had

a low statistical error (ofit = 0.031 MHz). The wide range of J (28 to 87) and Ka (0 to 46 and 43
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for v27 and vi7, respectively) quantum numbers recorded is illustrated in the data set distribution
plot (Figure 2.7). This distribution of least-squares fit transitions is only slightly diminished in
comparison to the vibrational ground state, due to the low energy (and thus high population) of

these vibrationally excited states.
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Figure 2.7. Data distribution plot for data in the two-state fit of v27 and vi7 of 1-cyanocyclobutene
(5). The size of the plotted symbol is proportional to the value of |(fobs. — fcaic)/Sf |, where oF is
frequency measurement uncertainty, and values greater than or equal to 3 are marked in red.
Colored circles denote millimeter-wave data.
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The spectroscopic constants resulting from the final least-squares fit (Table 2.2) include a
precise determination of the rotational constants for each vibrational state. The rotational constants
are well determined for each state, and the largest experimental uncertainty appears in the values
of the Ay constants, whose relative statistically uncertainty are only 0.003% of their values. The
near-absence of b-type transitions (vide infra), due to the very small 4 value, contributes to this
diminished precision of Ay, as in the ground state. As has been shown for similar cases,®> * the
Coriolis-coupled dyad increases the uncertainty in the Ay rotational constants somewhat, due to
the high correlation between A, and the a-type Coriolis parameters. A full set of quartic distortion
constants and a few (@s, @i, and @xg) sextic distortion constants were determined for each
vibrational state. All distortion constants that could not be determined in the fit were held constant
at their corresponding ground-state values. There are no clear signs of Coriolis coupling being
absorbed by the quartic distortion constants, and all are within expected deviations from the ground

state (< 10%, except 4k at 15% for v27).



Table 2.2. Spectroscopic Constants for Vibrationally Excited States v27 and vi7 of 1-Cyanocyclobutene (5) (A-reduced Hamiltonian, I representation).

Ground State vo7 (A", 169 cm )ab vz (A, 173 cm ') b
Ao (MHz) 12492.5807 (81) 12576.09 (31) 12402.39 (31)
Bo (MHz) 2364.41929 (11) 2367.99024 (40) 2370.86901 (39)
Co (MH2) 2038.929419 (99) 2043.148392 (65) 2041.224377 (62)
A; (KHz) 0.135307 (18) 0.138684 (12) 0.139633 (12)
A (kHz) 5.37497 (12) 5.53104 (59) 5.16909 (58)
Ak (KHz) 3.252 (75) 3.744 (25) 3.233 (29)
& (kHz) 0.020490 (11) 0.0205743 (24) 0.0219861 (20)
S (kHz) 2.9188 (18) 2.92104 (42) 2.99398 (54)
@y (Hz) 0.0000146 (19) 0.00002013 (98) 0.0000183 (10)
D (Hz) 0.01604 (32) 0.016545 (44) 0.015331 (43)
@x; (Hz) —0.0875 (11) —0.10018 (25) —0.06685 (23)
@x (Hz) [0.0825] [0.0825] [0.0825]
¢ (Hz) 0.00000622 (99) [0.00000622] [0.00000622]
¢k (Hz) 0.00802 (20) [0.00802] [0.00802]
& (Hz) 0.163 (14) [0.163] [0.163]
AE 421472.50 (13) MHz / 14.0588093 (43) cm'!
Ga (MHz) 19993.0 (33)
Ga’ (MHz) —0.016787 (14)
GaX (MHz) —0.2226 (14)
Ga" (MHz) 0.00000003739 (26)
Foc (MHz) —0.1191 (29)
Foc* (MHZ2) —0.00010156 (99)
Gb (MHz) 97.09 (85)
Gy’ (MHz) —0.780 (57)
Fac (MHz) —0.0004476 (74)
Ai (UA?) e —6.332842 (31) —6.25371 (99) —6.3242 (10)
Niines © 2529 2300 2233
oiit (MHz) 0.024 0.030 0.032

2 Fundamental frequencies calculated using MP2/6-311+G(2d,p). ° Octic centrifugal distortion constants not shown were held constant at their ground state
values. © Inertial defect, 4; = I — l. — I,. ¢ Calculated using PLANM from the B, constants. ¢ Number of fitted transition frequencies.

LZ
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Coriolis-Coupling Analysis

The least-squares fit determines a precise energy separation (AE2717 = 421472.50 (13)
MHz; 14.0588093 (43) cm™!) between v,7 and vi7. The computed energy difference (13.8 cm™;
MP2) agrees very well with the experimentally determined value. The B3LYP computed value
(17.9 cm™) is slightly overpredicted (ca. 5 cm™), as was the case in several similar works
involving coupled dyads.>®° The high precision of the experimental value of AEz717 arises
because the data set includes all of the following: i) numerous rotational transitions involved in
global interactions between the two fundamentals, ii) rotational transitions involved in local
resonances occurring from energy-level crossings, and iii) (formally forbidden) interstate
transitions that involve changes in both rotational and vibrational quantum numbers. The
symmetries of the two fundamentals, v27 (A", 159 cm™?) and vi7 (A", 173 cm™?), allow for both a-
and b-type Coriolis coupling between the states. The final least-squares fit required incorporation
of nine Coriolis-coupling terms (Ga, Ga’, G4, Ga¥, Fuc, Fuck, Gb, Gp’, Fac) to quantitatively account
for both of these types of coupling across the observed spectrum.

The initial fitting process of the first several Ka series for each vibrational state was
accomplished by varying the energy separation and the Ga value to account for, and adequately
predict, the global undulation that is present for each series. This global undulation in Figure 2.8
appears to be small relative to the magnitude of the local resonances at higher J and Ka. Figures 9
and 10, however, better illustrate the substantial impact of the global undulation on several Ka
series. The undulation is observed at low J for low Ka series and progresses higher in J as Ka
increases until approximately Ka = 20 for v27 (lower for vi7) where the position of the global
undulation has increased to J values beyond the range investigated in this experiment. The values

of J for a particular Ka at which the global undulation is most apparent are always those which
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correspond to the changeover from oblate asymmetric top behavior at low J to prolate-like at high
J. During fitting, if any local resonances were predicted in the Ka series, transitions involved in
the resonance, along with several transitions at lower and higher J values, were omitted from the
fit until the global undulation was treated well. Once the global perturbation was well predicted,
the local resonances could be more readily assigned. As more transitions were incorporated into
the least-squares fit, additional coupling terms were needed to account for the complex interactions
between the two fundamental states. During the fitting process, all centrifugal distortion constants
were monitored for signs of absorbed Coriolis perturbation or unfavorable correlations between
distortion and coupling constants. This iterative process allowed for a fully predictive fit to be
achieved, which in turn makes it possible to perform a final frequency sweep measuring and
recording every visible transition for each fundamental. Lastly, the nominal interstate transitions
were measured and included in the least-squares fit in all cases where confident assignments could
be made (vide infra).

Figure 2.8 illustrates the regularity of the a-type local resonances, which begin at Ky = 4~
at J = 48 and subsequently increase in J by five until the end of the measured frequency range. As
the local resonances progress to higher J, their magnitude increases with the largest resonance
occurring at Ka = 10". This most displaced transition at J = 78 is approximately 9 GHz away from
its unperturbed predicted position. A significant number of resonances (~ 40) were observed, with
the majority being a-type resonances. The a-type resonances were also significantly larger in

magnitude than b-type resonances, as can be seen in Figures 2.9 and 2.10.
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Figure 2.8. Superimposed resonance plots of vz7 for ®Ro1 Ka~ series from 1 to 15 for 1-
cyanocyclobutene (5). Measured transitions are omitted for clarity, but they are indistinguishable
from the plotted values on this scale. The plotted values are frequency differences between
excited-state transitions and their ground-state counterparts, scaled by (J” + 1).

A few a-type resonances are shown in Figure 2.9a; the Ka = 1~ series of vi7 has two a-type
resonances, at J = 37 and 47, with AKa =4 and 2 selection rules, respectively. The paired resonance
at J = 37 is in Figure 2.9c with the Ka = 5" (AKa = 4) series of v27 and is obscured by the global
undulation. The magnitude of the resonance and J value are exactly the same in the two series,
although the different scale factors in the plots make this more difficult to see in the figure. The
second paired local resonance at J = 47 is shown in Figure 2.9b with the Ka = 3" (AKa = 2) series
of v27, and in this case the symmetry is more visually obvious. Figure 2.9d containing the Ka = 3~
series of v17 is included because it shows another paired resonance for the Ka = 5" series of v27 at

J=58. The Ka = 3" series of vi7 has a second resonance at J = 43, which is paired with the Ka =

7" series of v27 (not shown). An example of a b-type local resonance at J = 72,73 is shown in
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Figure 2.10, between the Ka = 9" series of vi7 and the Ka = 12" series of vo7 (AKa = 3). The AKa

selection rule is always even for a-type and odd for b-type resonances; in addition, there is a change

in symmetry for a-type and no change in symmetry for b-type coupling.
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Figure 2.9. Resonance plots for 1-cyanocyclobutene (5) showing the Ka = 1~ and 3-series for vi7
and K. = 3" and 57 series for v27. These are examples of resonances conforming to the AKa =2 or
4 selection rules for a-type resonances. The plotted values are frequency differences between
excited-state transitions and their ground-state counterparts, scaled by (J”+1) in order to make the
plots more horizontal. Measured transitions are represented by circles: v27 (purple), viz (green).
The measured transitions with |(fobs. — fcaic.)/SF | > 3 are marked in red. Predictions from the final
coupled fit are represented by a solid, colored line.
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Figure 2.10. Resonance plots for 1-cyanocyclobutene (5) showing the Ka = 9* series for vi7 and
Ka = 12" series for vo7. These two resonances conform to the AKa = 3 selection rule for b-type
resonances. The plotted values are frequency differences between excited-state transitions and
their ground-state counterparts, scaled by (J"+1) in order to make the plots more horizontal.
Measured transitions are represented by circles: vz (purple), vi7 (green). The measured transitions
with |(fobs. — feaic.)/OF | > 3 are marked in red. Predictions from the final coupled fit are represented
by a solid, colored line.

An additional indication of unaddressed Coriolis coupling would be if the vibration-
rotation interaction constants for v27 and vi7 exhibit large, equal and opposite values. The Bo — By
and Co — Cy values presented in Table 2.3 are relatively small in magnitude, exhibit the same sign,
and show excellent agreement between experiment and theory. These observations support the
interpretation that these values are physically meaningful and that their corresponding rotational
constants are well determined and likely free of residual Coriolis-coupling effects. The

experimental and computational Ag — Av values are in quite poor agreement and are much larger in



33

magnitude than the Bo — By or Co — Cy values for each vibrational state. It is unclear to what extent
these large values of Ao — Ay and the disagreement between their theoretical and experimental
values are caused by residual unaddressed Coriolis coupling or by poorly estimated Ao — Ay values.
A similar observation was made for the Ao — Ay values in the analogous Coriolis-coupled dyad of
(cyanomethylene)cyclopropane.’® While the discrepancy is larger for 1-cyanocyclobutene (5), for
both molecules, the computed values for these interactions are of opposite sign than the fitted ones.
Given the close agreement in the averages of these values, at least some untreated coupling must
be manifest in either or both the experimental and theoretical values. The very large data sets and
the overall quality of the least-squares fits, however, make it possible that A;7 and As7 are close to

their true values, despite the discrepancy with the theoretical calculations.

Table 2.3. Vibration-rotation interaction and Coriolis-coupling constants of 1-
cyanocyclobutene (5).

Experimental B3LYP? MP2 @

Ao — Az (MH2) ~83.41 (31) 178 17.4
Bo— B27 (MH2) ~3.57095 (41) ~3.42 -3.25
Co— Ca7 (MH2) —4.21897 (12) —4.07 ~3.94
Ao — Ar7 (MHZ) 90.19 (31) “111 ~7.26
Bo— B17 (MHz) —6.44972 (41) —6.11 —6.29
Co— C17 (MH2) —2.29495 (12) —2.14 —2.26
(Ag—Az7)+(Ag—A17)

————= (MHz) 3.38 (22) 3.36 5.05
(Bo—By7)+(Bo—B17)

——=—"=(MHz) 501033 (29) 477 477
(Co—Ca7)+(Co—C17)

————= (MH2) ~3.256965 (83) ~3.10 ~3.10
{3717 0.807 0.751 0.744
{3717 0.021 0.027 0.0227

2 Evaluated with the 6-311+G(2d,p) basis set.
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The lowest-order spectroscopic Coriolis coupling parameters, Gaand Gy can be predicted,

given the Coriolis constant {, by eq. (1).

Wo7 + W17

VW27 X W17

The experimental { values in Table 2.3 were calculated from eq. (1) using harmonic frequencies

Gy = (567,17Bex ~ 2(567,17336 (1)

computed by MP2, the experimentally determined Gy, and rotational constants corrected by half
the sum of the corresponding MP2 vibration-rotation interaction constants for all vibrations. The
experimental value of {7, is slightly greater than the computational predictions, while the
experimental value of (5’7,17 is smaller by a similar magnitude.

The observed resonances are a result of state mixing between v27 and vi7. This state mixing
can result in interstate transitions, where simultaneous changes in rotational and vibrational
quantum numbers occur. The energy separation in the Coriolis-coupled dyad, v27 and viz,
(14.0588093 (43) cm™!) is small enough to cause intense local resonances and state mixing, and
this allowed a significant number (57) of nominal interstate transitions to be assigned. These
transitions were assigned by comparison of the experimental and predicted frequencies, as well as
by comparison of the observed average frequencies, which should ideally be exactly the same for
matched sets of corresponding inter- and intrastate transitions. Two nominal interstate transitions,
along with their corresponding intrastate transitions, are shown in Figure 2.11. Each measured
transition includes its obs. — calc. value in parentheses. The average frequencies of the inter- and
intrastate transitions shown in Figure 2.11 differ by only 62 kHz, illustrating the accuracy of the
measurements and the correctness of the assignments. The corresponding intrastate resonances
(3" + 1 = 73) from the Ka = 9™ series of v27 and the Ka = 5" series of vi7 are displayed in Figure
2.11 to illustrate the resonances and observable interstate transitions occur at the same J values, as

a result of significant state mixing. For example, the smallest energy separation, AE = 8984 MHz,
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occurs between 73g,65 for vo7 and 73563 for vi7, which corresponds to the intrastate transitions most

shifted in frequency for each vibrational state.

590 73 90 . 1 ' 1 ' I ' 1 ' I |
—28  AE=8984 MHz 735 1 i -9 h

538 - 197 Z:._,AT{,;;F | gg 3 Va7 39,65 — 1294 B
586 ..."‘-.._324013,'8578 ©.011) . "‘i ]

T kY . < -:
£ 584 - - _
o | 332998.0822 (-0.050) ¥ 3140014864 (0.019) E
> I‘:_- '...'.‘ _-
=582 - ] Tcm 3
530 322985.5'0;9 (0.020) | ]
578 + __-"':: = 50 F V17 13568 < 12547 .
724,61 67 -60 | — © -

-70 [ . 1 P 1 P 1 R

40 50 60 70 80
J H+1
Figure 2.11. Energy diagram (left) depicting a representative matched pair of nominal interstate
transitions between the v27 (purple) and vi7 (green) vibrational states of 1-cyanocyclobutene (5).
Standard #Ro,1 transitions within vibrational states are denoted by vertical arrows. The diagonal,
dashed arrows indicate nominal interstate transitions that are formally forbidden, but enabled as a
result of rotational energy level mixing. Values printed on each of the arrows are the
corresponding transition frequency (in MHz) with its obs. — calc. value in parentheses. The marked
energy separation is between the two strongly interacting rotational energy levels. Resonance plots

(right) of the Ka series of v27 and vi7 that contain the corresponding resonant transitions labeled
with their quantum numbers and marked by colored arrows.

A rarely reported type of intensity enhancement by state mixing has been found in this
spectrum. 1-Cyanocyclobutene has a quite small b-type dipole moment (ua = 4.2 D, u» = 0.07 D,
MP2), which prevented observation of any b-type transitions in the ground state or in v27. Due to
the Coriolis-coupling between v27 and vi7, however, indirect state mixing enhances the intensity
of approximately 35 b-type transitions for vi7 sufficiently that they become measurable and are
included in the least-squares fit of the coupled dyad. As exemplified in the Loomis-Wood plot in

Figure 2.12, many of these intense b-type transitions occur near the J-levels where degeneracy of
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the ?Ro1 Ka™ and Ka~ series is established, and also near, but not necessarily exactly coincident
with, J values where local resonances are observed between the two vibrational states. In most
Ka"/Ka™ series for vi7, the rigid-rotor asymmetry splitting results in only the expected doublet at
low J values. In the case of the Ka*/Ka~ = 1 and 2 series shown, however, the two transitions
involving the J = 48 level both exhibit the formation of a quartet that includes observably intense
b-type transitions. At lower J-levels, the b-type transitions disappear, and the series progresses
with the expected doublet pattern. Due to strong, local perturbation, transitions in the J" + 1 =50
— 53 range are non-degenerate, but do not exhibit a clear doublet structure. The Ka*/Ka~ =1 and
2 series become degenerate after the resonances at J" + 1 = 57. These b-type transitions are
allowed, to a negligible extent, due to the small b-type dipole moment component. They are much
more intense, however, due to intensity borrowing from a-type transitions with the same J values.
Although the closest relevant resonance with vz is at J = 51, this is still a J region of significant
state mixing with v7, which has the effect of perturbing the energy levels of vi7. The perturbation
causes two of the vi7 energy levels to cross at or near the J value where the observed b-type
transitions are most intense. In some of the observed cases, the mixing is sufficiently strong that
SPFIT and SPCAT reverse the label of the mixed energy levels, resulting in an apparent exchange
of the a-type and b-type identification of the transitions in the quartet. An example of that can be
seen in the J = 48 to 49 transitions in Figure 2.12, where SPFIT and SPCAT misidentified the a-
and b-type transitions. As a result, this frequency segment in the Loomis-Wood plot has been
manually shifted by ~ 3 MHz to visually align all (lower frequency) a-type transitions for clarity.
In an extreme case of intensity borrowing, J" + 1 = 81 for K;*/Ksy~ =5 and 6 transitions, almost all
of the intensity is transferred from the a-type to b-type transitions. In all cases, SPCAT does

accurately reproduce the observed pattern of the quartet, including the relative intensities. A
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summary listing of all b-type transitions included in the least-squares fit is provided in the

Supporting Information.
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Figure 2.12. Loomis-Wood plot centered on Ka = 2" series for vi7 ranging in J" + 1 =42 to 53.
The Ka = 17 can be seen higher in frequency below J" + 1 = 47 in a typical doublet pattern
progressing further away in frequency as J" + 1 decreases. A quartet of a-type (red) and b-type
(blue) transitions is then observed for J" + 1 = 48 and 49. The Loomis-Wood frequency segment

corresponding to J" + 1 = 49 was shifted lower in frequency by 3 MHz for this figure due to the
SPCAT misassignment of the a- and b-type transitions.

There are several important clues to the quantum mechanical origin of the intensity
enhancement of the nominally b-type transitions. First, this quartet phenomenon requires having
both a- and b-type Coriolis coupling between v.7 and vi7, which is easily confirmed by setting the

b-type Coriolis parameters to zero in SPCAT, in which case the predicted intensities of the lines
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in question are not greater than they are in the ground state spectrum, i.e., negligible. Second,
unlike the local resonances observed between states, the enhancement effect is not present in the
spectra of both vibrational levels; it is present only in vi7 (to be explained below). Finally, the
frequency splittings of the quartets and the intensities of the “b-type” peaks are both highly
dependent upon the energy-level splittings of the two near-degenerate rotational levels in vi7 and
on the distance of these two levels from the Coriolis-connected rotational levels in v27, although
not in a simply recognizable way. All these observations can be clearly understood by
consideration of the diagonalization of the two-state Hamiltonian matrix for the J involved,
focusing on the three or four vib-rotational levels of most interest. Figure 2.13 shows an example
of four vib-rotational levels, where the 481 47 and 48, 47 energy levels for vi7 are connected to the
48s 44 and 48444 energy levels, respectively for v7 through a-type Coriolis coupling. These vi7
energy levels are also connected to the other two rotational energy levels (481,47 t0 484,44 and 485 47
to 48s.44) through b-type coupling (to a lesser extent). This double coupling in the matrix allows
the 48147 and 48,47 energy levels to indirectly mix with each other. The degree of this mixing is
normally small, but it is greatly amplified when the two levels are very close to each other, i.e.,
near-degenerate, ultimately leading to the b-type transitions we have observed. In general, two
connecting states in vo7, e.g., both 48s 44 and 48444 in the above instance, are not required for this
effect, and cases of only one rotational energy level of v27 interacting strongly with the two near-
degenerate energy levels of vi7 are observed here. At first glance, one would suspect, from the
symmetry of the interaction and the quantum number types involved, that the same phenomenon
could be observed in vo7. It must be remembered, however, that because vz7 has the lower
vibrational energy, its resonances must always have the higher K, value. The higher Ka value

implies a greater oblate asymmetry (lower K¢) at any particular J value, which in turn yields much
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Figure 2.13. Four-state vib-rotational energy level diagram showing the states involved in creating
an observable quartet in the Ka*/Ka™ = 1 and 2 series. The red and black arrows indicate the b- and
a-axis Coriolis interactions, respectively, that allow for state mixing between states.

larger asymmetry splittings. This renders the indirect mixing of the two rotational states in vz
inconsequential. An interesting aspect of the “b-type” intensities predicted by SPCAT is that they
do, in fact, depend on the value of uy to a noticeable extent (about 10% when going from 0 D to
0.07 D). This behavior is understood by considering that the intensities are proportional to the
absolute square of a sum of (large) wa and (small) x matrix elements. Thus, the cross term is more
substantial than the square of the un term (which leads to negligible intensity by itself) and does
produce significant increases or decreases in predicted intensity. This example of a quantum
interference effect may well be more important in other molecules with a somewhat larger u.
Meanwhile, this phenomenon is not possible in a molecule where the second dipole component is

exactly zero, since the molecular symmetry that causes it will also mean that only one type of
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Coriolis coupling is allowed between any two vibrational states. Of course, if both dipole moment
components are comparable in magnitude, the effects of the indirect coupling may not even be
noticed.

Higher up the vibrational manifold, at approximately 330 cm™2, the two-quanta vibrational
states of vo7 (A") and vi7 (A") form a coupled tetrad with vz6. This tetrad is expected to be well-
isolated from other vibrationally excited states and of sufficient intensity that the rotational spectra
of all four states can be measured, assigned, and least-squares fit, using the spectral data we have
already acquired. Despite the complicating interaction with v (A"), this tetrad could be addressed
using the same general methodology recently employed with benzonitrile, where the triad
consisting of the overtones and simple combination of the two lowest-lying states were analyzed
very successfully.® In that study, the harmonic and anharmonic vibrational constants for the states
involved were well predicted by the xguinea routine of CFOUR, as was the Darling-Dennison
coupling term connecting the two overtone states. Furthermore, it was found that the higher-order
Coriolis coupling coefficients, e.g., Ga’ or Fuc, for the triad scaled rather closely as a factor of v/2
from the corresponding ones of the dyad. Equivalent predictions and scaling for 1-
cyanocyclobutene should greatly expedite assignment of the tetrad, and a successful fit would
provide a further test of the accuracy of the predicted and scaled parameters. The v2s fundamental
should be coupled by anharmonic resonance to the combination state and by higher-order Coriolis
interactions to all three triad states. Acquisition and analysis of the modestly strong vi7 band, its
two hot bands, and possibly the weaker vz7 and vzs bands, by high-resolution infrared
spectroscopy, and a successful perturbation analysis of the tetrad, in addition to the results of this
study, could potentially provide highly accurate absolute vibrational energies of the lowest six

excited vibrational levels of 1-cyanocyclobutene.
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CONCLUSION

The ground-state spectroscopic constants of 1-cyanocyclobutene (5) from this work should
provide an excellent foundation for predicting frequencies for an astronomical search, even for
transitions well outside the range explored here. In the lower microwave region and for the lower
J transitions most often used in radioastronomy, these predictions would require inclusion of the
effects of nuclear hyperfine structure. The needed quadrupole coupling constants can be well
estimated computationally, or they could be much better determined by measuring and analyzing
a few resolved hyperfine multiplets for low J transitions occurring in the lower microwave region.
Unlike several other CsHsN isomers,® the ground state of 1-cyanocyclobutene (5) is well fit by a
single-state Hamiltonian model, so the present centrifugal distortion analysis should provide
accurate frequency estimates well above the current range. The accuracy is of course expected to
degrade gradually as one encounters quantum number values further removed from those sampled
in this study.

The experimentally well-determined higher-order Coriolis coupling parameters for
interacting fundamental states in 1-cyanocyclobutene (5) contribute to a steadily growing list of
organic molecules that have been analyzed in this level of detail. A similar statement can be made
about the quartic centrifugal distortion constants for the two vibrationally excited states. Neither
these higher-order Coriolis constants, nor the changes between the ground state and vibrationally
excited-state centrifugal distortion constants, however, can be meaningfully estimated via any
readily available computational software package. A practical computational approach to
obtaining these constants thus remains a pressing challenge for theory. Not only would such
computed values serve as a measure of quality for a least-squares fit, they would likely improve

the initial predictions of excited-state rotational spectra and thereby facilitate the early stage of the
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fitting process. Incorporation of these computed values in the least-squares fit for all constants
that could not be adequately determined should also improve the accuracy of those constants that
can be varied and fit.
General Experimental Methods

All commercial reagents were purchased from Sigma-Aldrich or Oakwood Chemical and
used as received, unless otherwise noted. *H NMR spectra (400 or 500 MHz) and *3C-NMR spectra
(100 or 125 MHz) were obtained in CDCIs on a Bruker 400 MHz AVANCE Il1 or Bruker 500
MHz DCH AVANCE Il spectrometer; chemical shifts () are reported as ppm downfield from
internal standard SiMes or referenced to residual solvent signals. Mass spectra were acquired
using electrospray ionization (ESI) or the atmospheric solids analysis probe (ASAP) on a Thermo
Scientific Q-Exactive Plus mass spectrometer. GC/MS analysis was performed on a Shimadzu
GCMS-2010S instrument. IR spectra were obtained on a Bruker TENSOR Fourier transform
infrared instrument as neat samples using an attenuated total reflectance accessory (Bruker

PLATINUM ATR).

Mixture of trans- and cis-1,2-Dicyanocyclobutane (13)

Note: Exposure of the reaction mixture to short-wavelength UV-C (254 nm) is critical, and
necessitates the use of a quartz reaction vessel or immersion probe.

Photolyses were carried out in an immersion-type quartz photochemical reactor (Ace Glass # 7861-
250) having an inner annular volume of 500 mL and equipped with a magnetic stirrer. Into the
water-cooled quartz immersion probe was inserted a centrally positioned 450 W medium-pressure
mercury arc lamp (Hanovia # 679A36, 122 mm arc length). The quartz lamp chamber was

continuously purged with a slow, steady stream of dry N2 to prevent ozone generation/damage
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during lamp operation. Molybdenum hexacarbonyl (Mo(CO)s, 5.43 g, 20.6 mmol),
triphenylphosphine (PPhz, 5.42 g, 20.7 mmol), hydroquinone (350 mg, 3.2 mmol), acrylonitrile
(195 mL, 160 g, 3 mol), and acetonitrile (143 mL) were added to the annular reactor compartment
and stirred until most of the solids were dissolved. The reaction mixture was purged under a steady
stream of dry N2 for 5 min. The reactor vessel was then maintained under a nitrogen atmosphere.
With the immersion probe coolant flowing, the lamp was ignited, and the temperature of the stirred
reaction was maintained at 55-60 °C by the heat of the mercury lamp throughout the course of the
photolysis. Any remaining undissolved reactants dissolved within minutes of igniting the lamp as
the reaction temperature increased. The reaction progress was monitored via *H-NMR over the
72-h photolysis. After the irradiation time had elapsed, the photolysis was halted, and the reaction
vessel was cooled to room temperature. The amber-colored reactor contents were filtered through
a coarse glass-fritted funnel and concentrated in vacuo to remove acetonitrile and acrylonitrile.
The resulting deep-red oil was purified via short-path vacuum distillation to afford a mixture of
1,2-dicyanocyclobutane stereocisomers (13) as a viscous amber oil that solidified upon cooling to
room temperature (14.6 g, 76%, bp = 110-125 °C at 2 Torr). tH-NMR (CDCls, 500 MHz): & (ppm)
3.42 - 3.60 (M, 2H), 2.42 — 2.62 (m, 4H). trans: 3C{*H}-NMR (CDCls, 125 MHz): & (ppm) 118.6,
26.6, 24.8. cis: PC{*H}-NMR (CDCls, 125 MHz): § (ppm) 118.3, 26.7, 24.8. IR (neat): (cm™1)
2969 (M), 2242 (s), 1444 (m), 1244 (w), 1205 (m), 751 (W), 492 (w). HRMS (ASAP-MS) m/z:

[M+H]* Calcd for CeH7N2: 107.0604. Found: 107.0604.

1-Cyanocyclobutene (5)
A vertical quartz tube 50 cm long and 2.5 cm in diameter, packed 20 cm of its length with Ascarite
(Aldrich, 20-30 mesh) was heated in a 40 cm long cylindrical tube furnace to 200 °C for 2 h under

a steady stream of dry N2 to remove water or absorbed gases from the Ascarite bed. A stoppered
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pressure-equalizing dropping funnel containing 1,2-dicyanocyclobutane (13, 9.95 g, 92 mmol) was
connected to the top of the quartz reactor tube and the bottom was connected to a vacuum manifold
thru a series of three dry ice/acetone cooled traps. The temperature of the tube furnace was set to
225 °C, and the system was evacuated to a pressure of 500 mTorr. The dropping funnel at the top
of the reactor was lightly heated with a heat gun until the 1,2-dicyanocyclobutane was thoroughly
melted and degassed. The 1,2-dicyanocyclobutane melt was added dropwise to the heated reaction
tube. The rate of addition was sufficient to maintain an internal pressure below 2 Torr. The
complete dropwise delivery of molten 13 to the heated reactor bed was achieved over a course of
2 h. Atotal of 1.56 grams of hazy, colorless liquid was recovered from the traps after the addition
of 13 was completed. The collected distillate was cooled to 0 °C on ice and allowed to separate.
The clear organic supernatant layer was separated and dried over granular anhydrous Na>SQOj4 to
yield 1-cyanocyclobutene (5) as a colorless oil (834 mg, 11%). *H-NMR (CDCls, 500 MHz): §
(ppm) 6.78 (t, J = 1.4 Hz, 1H), 2.84 (dd, J = 3.4 Hz, 2H), 2.63 (ddd, J = 3.4 Hz, 3.2 Hz, 1.4 Hz,
2H) BC{'H}-NMR (CDCls, 125 MHz): & (ppm) 153.0, 117.2, 113.9, 32.4, 30.3. IR (neat): (cm™?)
2978 (W), 2937 (m), 2835 (W), 2218 (m), 1584 (w), 1425 (w), 1252 (m), 1213 (w), 1162 (w), 1073
(w), 936 (w), 910 (m), 867 (m), 757 (m), 684 (w), 584 (w), 516 (s). HRMS (ASAP-MS) m/z:

[M+H]" Calcd for CsHeN: 80.0495. Found: 80.0494.
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Abstract

The rotational spectrum of 2-cyanopyrimidine has been obtained from 130 GHz to 500
GHz. Over 7500 vibrational ground-state transitions have been assigned and least-squares fit to
partial octic, A- and S-reduced Hamiltonians with low error (ofit = 34 kHz). The two lowest-
energy fundamental modes, the out-of-plane (vig) and in-plane (v27) nitrile bending modes, form
a Coriolis-coupled dyad similar to the analogous fundamental states of other cyanoarenes. The
coupled dyad was least-squares fit to a partial octic, A-reduced Hamiltonian (otit = 47 kHz) with
over 6700 transitions for each vibrational state, including transitions that are perturbed or involved
in resonances, as well as symmetry-allowed nominal interstate transitions resulting from Coriolis
coupling. The spectroscopic information from these transitions enabled the determination of a

highly precise energy separation (AEis27 = 38.9673191 (77) cm™) and six Coriolis-coupling
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coefficients (Ga, Ga’, Ga¥, Ga”, Fune, and Fnc®). The spectroscopic constants and transitions
presented in this work provide the foundation for future radioastronomical searches for 2-
cyanopyrimidine.

Keywords
rotational spectroscopy, vibrational spectroscopy, Coriolis coupling, interstellar molecule,
astrochemistry

Introduction

There has been long-standing interest in elucidating the molecular composition of various
extraterrestrial environments, with particular attention on aromatic compounds. The detection of
benzene via infrared spectroscopy in proto-planetary nebula CRL 618 [1] was a catalyst to search
for other aromatic molecules; the search for aromatic heterocycles, however, has been
unsuccessful [2-5]. Pyrimidine is of particular interest as an astronomical target because its core
is present in various biological and prebiotic molecules. These include thymine, uracil, cytosine,
thiamine (vitamin B1), and alloxan, as well as various synthetic drugs [6]. Therefore, detection of
pyrimidine in an extraterrestrial environment would signify detection of a biologically relevant
molecule in a harsh, possibly prebiotic environment. Despite multiple efforts, there have been no
reported interstellar detections of this molecule [2,5,7]. Radioastronomy, which relies on the
population of the species in the source observed and on the intrinsic intensity of its rotational
transitions due to its dipole moment, is the preferred method of detection due to being reasonably
unambiguous in molecular identification. The inability to detect nonpolar or weakly polar
aromatic molecules has led to attempts to detect simple derivatives of those molecules with nitrile
substituents, which tend to bestow a large dipole moment. The larger dipole moment leads to a
greater chance of detection by radioastronomy, which is illustrated by the prevalence of nitrile-

containing molecules detected in the interstellar medium (ISM) [8,9]. Such attempts to detect
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nitrile-containing derivatives have been successful for benzonitrile [10] and cyanonaphthalenes
[11], suggesting their parent molecules are also present in space. These astronomical detections
rely on the availability of accurate spectroscopic constants determined from laboratory spectra.
Given the success of nitrile-substituted detections, our group reported the rotational spectral
analyses of several nitrile-containing heteroaromatic compounds (Fig. 3.1), including benzonitrile
[12,13], 2-cyanopyridine [14], 3-cyanopyridine [15], 4-cyanopyridine [16], cyanopyrazine [17],
and 2-cyanopyrimidine (presented in this work) in their ground and vibrationally excited states.
In contrast to the situation with benzonitrile and the cyanopyridines, for which some spectroscopic
data had been previously available [18-21], 2-cyanopyrimidine and cyanopyrazine did not have

previously reported rotational spectra.

_N N _N
Z |N\ Z NN Z
= l/

benzonitrile 2-cyanopyridine 3-cyanopyridine
| | AN [ A
N~ _N N/
4-cyanopyridine 2-cyanopyrimidine cyanopyrazine

Fig. 3.1. Cyanoarenes derived from benzene, pyridine, pyrimidine, and pyrazine.

The two lowest-energy fundamental vibrational modes for molecules containing a vinyl
nitrile moiety are typically the in-plane and out-of-plane bending modes of the nitrile, and these
modes are often sufficiently close in energy that Coriolis coupling is observed in the millimeter-
wave frequency transitions. Analysis of the rotational spectra for these vibrational modes for
benzonitrile [12,13], 3-cyanopyridine [15], 4-cyanopyridine [16], cyanopyrazine [17], 1-
cyanocyclobutene [22], (cyanomethylene)cyclopropane [23], and acrylonitrile [24] required the

use of vibrationally coupled Hamiltonians to assign the observed rotational transitions and resulted
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in the determination of a highly accurate and precise energy separation between the two
fundamental states (Table 3.1). For each of the cyano-substituted aromatic compounds observed,
the out-of-plane nitrile bending mode is lower in energy (Table 3.1). The coupling and state
mixing result in rotational transitions influenced by Coriolis perturbation. This perturbation results
in the appearance of local resonances, i.e., transitions whose frequencies are drastically shifted
from where they would be expected in the absence of perturbation, and formally forbidden,
nominal interstate transitions. While band origins can be determined from high-resolution infrared
spectroscopy, as has been done for benzonitrile [13] and acrylonitrile [24], it is the various
coupling interactions affecting the rotational transition frequencies that enable the highly precise
determination of the energy separation between vibrational states. This work presents the
rotational spectroscopy and analysis of the ground and two lowest-energy vibrationally excited

states of 2-cyanopyrimidine from 130 GHz to 500 GHz.

Table 3.1
Energy differences between out-of-plane and in-plane nitrile bending modes for molecules
containing a vinyl nitrile moiety

out-of-plane  in-plane AEip-o0p (cm™)
benzonitrile [12,13] Va2, B1 va3, B2 19.1081701(74)
3-cyanopyridine [15] vao, A" Vo1, A/ 15.7524693 (37)
4-cyanopyridine [16] Va0, B1 V3o, B2 18.806554 (11)
cyanopyrazine [17] vaz, A" vig, A’ 24.8245962 (60)
2-cyanopyrimidine (this work) vig, B1 vor, B2 38.9673191 (77)
1-cyanocyclobutene [22] vaz, A" viz, A’ 14.0588093 (43)
(cyanomethylene)cyclopropane [23] vor, A" vir, A/ —29.8975453 (33)
acrylonitrile [24,25] vis, A" vy, A’ —104.378277 (6)

Experimental Methods

A commercial sample of 2-cyanopyrimidine (Aldrich, 95% purity) was used without
further purification. Using a millimeter-wave spectrometer that has been previously described

[26,27], the rotational spectrum of 2-cyanopyrimidine was collected from 130 to 230 and from 235
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to 360 GHz in a continuous flow at room temperature, with a sample pressure of 3 mTorr.
Additional spectral data were obtained with a newly acquired amplification and multiplication
chain that extended the frequency range to 500 GHz with a sample pressure of 4 mTorr. The
separate spectral segments were combined into a single broadband spectrum using Kisiel’s
Assignment and Analysis of Broadband Spectra (AABS) software [24,28]. The complete
spectrum from 130 to 500 GHz was obtained using automated data collection software over
approximately nine days given these experimental parameters: 0.6 MHz/sec sweep rate, 10 ms
time constant, and 50 kHz AM and 500 kHz FM modulation in a tone-burst design [29]. Pickett’s
SPFIT/SPCAT programs [30] were used for least-squares fits and spectral predictions, along with
Kisiel’s PIFORM, PLANM, and AC programs for analysis [31,32]. A uniform frequency
measurement uncertainty of 0.050 MHz was assumed for all measurements.

Computational Methods

Electronic structure calculations were carried out with Gaussian 16 [33] using the WebMO
interface [34] to obtain theoretical spectroscopic constants. Optimized geometries at the
B3LYP/6-311+(2d,p) and MP2/6-311+(2d,p) levels were obtained using “verytight” convergence
criteria and an “ultrafine” integration grid. Subsequent anharmonic vibrational frequency
calculations were carried out to obtain vibration-rotation interaction constants and predictions of
the centrifugal distortion constants. These methods have been effective to generate the necessary
spectroscopic constants for adequate a priori predictions for other cyanoarenes [12,13,15-17].
From the optimized geometries, magnetic calculations were also performed to obtain theoretical
nuclear quadrupole coupling constants. Computational output files can be found in the

supplementary material
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2-Cyanopyrimidine Rotational Spectrum

The rotational spectrum of 2-cyanopyrimidine was obtained from 130 GHz to 500 GHz. This
frequency range satisfactorily covered the most intense rotational transitions, as judged by
comparison to the predicted rotational populations in the 2-cyanopyrimidine spectrum at ambient
temperature (Fig. 3.2). While the peak transition intensities occur near 220 GHz, there is still
substantial intensity well beyond 400 GHz. As will be discussed below, this extension in the
frequency range to 500 GHz was vital in the analysis of the Coriolis-coupled dyad of vig and v27,
because most resonances were observed between 375 GHz and 500 GHz, providing crucial

coupling information.

Intensity

100 200 300 400 500
Frequency /GHz

Fig. 3.2. Predicted rotational spectrum of the ground vibrational state of 2-cyanopyrimidine at
292 K.

Ground-State Spectral Analysis
The rotational spectrum of 2-cyanopyrimidine (« = 6.5 D (B3LYP), x = —0.851) has not

been previously reported. As a consequence of Coy symmetry and the nitrile substituent lying

along the a-principal axis (Fig. 3.3), 2-cyanopyrimidine exhibits only a-type rotational transitions.
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The rotational spectrum of this prolate, asymmetric top is thus dominated by #Ro,1 ground-state
and vibrationally excited-state transitions across the frequency range studied. Figure 3.4 shows a
small subset of the spectrum from 198 GHz to 199 GHz along with predicted stick spectra for the
ground state and the two lowest-energy vibrationally excited states, vig and v27. It is apparent that
the spectrum also includes unassigned transitions that are due to higher-energy vibrationally
excited states, but they are not addressed in this work. Similar to other monosubstituted arenes,
despite being a near-prolate top (x = —0.851), the most prominent band structure for the ground
state of 2-cyanopyrimidine follows the recognizable oblate-type band pattern at low Ka [12,13,15-
17,35]. Bands start at Ko = 0 and increase in Ka as J” decreases. The band in Fig. 3.4 begins with
a Kc-degenerate pair of ®Roq transitions, which lose degeneracy at higher Ka values. The

degenerate ?Ro,1 transitions have quantum numbers that follow either Ka + Kc = Jor Ka + K¢ = J +

1, and Kj series with these selection rules are subsequently referred to as Ka" and Ka ™, respectively.

C
i
f
!

\a

Fig. 3.3. 2-Cyanopyrimidine (Cay, 12 = 6.5 D, B3LYP) structure with principal inertial axes.
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Frequency /GHz

Fig. 3.4. Experimental rotational spectrum (bottom) of 2-cyanopyrimidine from 198 to 199 GHz
and stick spectra (top) from experimental spectroscopic constants. The ground state (blue), v 1s
(magenta), and v27 (green) are labeled by the upper energy-level quantum number, J” + 1.

The vibrational ground state of 2-cyanopyrimidine has been least-squares fit to partial octic
A- and S-reduced, single-state Hamiltonians with low error (ofit = 36 kHz). As shown in Fig. 3.5,
the final transition data set (~7600 transitions) encompasses an extensive range of quantum
numbers with J” + 1 = 42 to 189 and Ka = 0 to 63. The resulting spectroscopic constants are
reported in Table 3.2 along with respective computed values (B3LYP and MP2). Though a partial
octic Hamiltonian was utilized, no computational comparison is possible for the octic centrifugal
distortion constants, because there is no readily available software to compute these values. As a
result, octic terms that were undeterminable in the least-squares fit were set to a value of zero.
There were an insufficient number of nuclear quadrupole coupling resolved transitions to obtain
experimental nuclear quadrupole coupling constants, therefore these terms were not included in

the Hamiltonian. Least-squares fitting files and computed nuclear quadrupole coupling constants

can be found in the supplementary material.



Table 3.2

Experimental and computational spectroscopic constants for the ground vibrational state of 2-cyanopyrimidine (A- and S-reduced
Hamiltonians, 1" representation)

A Reduction, I" representation S Reduction, I" representation

Experimental 2 B3LYP® MP2°P Experimental 2 B3LYP® MP2°
Ao (MHZ) 6043.4539 (12) 6051 5986 Ao (MH2) 6043.4535 (12) 6051 5986
Bo (MHz) 1651.140609 (36) 1649 1635 Bo (MHz) 1651.139276 (36) 1649 1635
Co (MHz) 1296.639905 (39) 1295 1284 Co (MHz) 1296.641199 (39) 1295 1284
Ay (kHz) 0.0483056 (22) 0.0464 0.0460 D; (kHz) 0.0354922 (20) 0.0345 0.0338
A (kHz) 1.037502 (25) 0.976 1.01 Dik (kHz) 1.114400 (26) 1.05 1.08
Ak (kHz) 0.3608 (18) 0.389 0.351 Dk (kHz) 0.3003 (18) 0.330 0.290
0 (kHz) 0.01154427 (86) 0.0111 0.0110 d: (kHz) —0.01154436 (86) -0.0111 -0.0110
& (kHz) 0.660687 (56) 0.621 0.635 d2 (kHz) —0.00640999 (54) —0.00594 —-0.00611
@y (Hz) 0.000001716 (84) 0.00000174 0.00000187  H; (Hz) —0.000012737 (77) —0.0000117 —0.0000129
@i (Hz) 0.0017323 (24) 0.00149 0.00163 Hik (Hz) 0.0011987 (19) 0.00103 0.00115
& (Hz) —0.008505 (15) -0.00739 —-0.00819 Hks (Hz) —0.006498 (16) —0.00566 —0.00634
ax (Hz) 0.0107 (10) 0.00653 0.00718 Hk (Hz) 0.0116 (10) 0.00528 0.00583
& (Hz) 0.000001226 (19) 0.000000881 0.000000922 h; (Hz) —0.000000239 (19) —0.000000409 —0.00000046
o (Hz) 0.0008021 (15) 0.000751 0.000824 h, (Hz) 0.000007394 (15) 0.00000674 0.00000740
& (Hz) 0.008258 (34) 0.00731 0.00779 hs (Hz) 0.0000014737 (48) 0.00000129 0.00000139
L; (mHz) 0.0000000167 (12) Ly (mHz) 0.0000000114 (12)
Lix (mHz) —0.000002409 (17) Lax (mHz) —0.000002025 (17)
Lk (mHz) 0.00001448 (22) Lk (mHz) 0.00001835 (22)
Lkks (mHz) —0.0001149 (31) Lkks (mHz) —0.0001301 (31)
Lk (mHz) [0.] Lk (mHz) [0.]
4; (uUA?) cd 0.057658 (21) 4; (uUA?) cd 0.057568 (21)
Niines © 7591 Niines ® 7591
arit (MHz) 0.036 ofit (MHz) 0.036

@ Off-diagonal octic centrifugal distortion terms (not shown in table) were held constant at a value of zero.
® Evaluated with the 6-311+G(2d,p) basis set.

¢ Inertial defect, 4i = Ic — la — .

d Calculated using PLANM from the B, constants.

¢ Number of fitted transition frequencies.

69
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Fig. 3.5. Data distribution plot for the least-squares fit of spectroscopic data for the vibrational
ground state of 2-cyanopyrimidine. The size of the outlined circle is proportional to the value of
|(fobs. — fcaic.)/0f|, where 6f is the frequency measurement uncertainty.

The MP2-computed rotational constants are in satisfactory agreement with the
experimental values (within ~1%), but the B3LYP-computed rotational constants are closer in
agreement (within ~0.13%). This result is similar to the situation observed for cyanopyrazine [17].
The B3LYP-computed quartic centrifugal-distortion constants are also in good agreement with the
experimental values (within 10%), with Ak and Dk having the largest difference from experiment.
The MP2 quartic centrifugal distortion constants are in slightly closer agreement with the
experimental values (within 5%), with ¢y and di having the largest discrepancies. There is poorer
agreement for the sextic centrifugal distortion constants for both sets of computed values. With
the exception of @& and ¢, the B3LYP values are within ~15%, and the MP2 values are within

10%, excluding Hk, and h:. The B3LYP values of @&« and Hk are approximately half of their

experimental values, and the MP2 values are only slightly closer. The values of ¢; and h; are the
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smallest of the sextic centrifugal distortion constants, so it is not surprising that their predictions
have large relative errors. The worst of these, the MP2 prediction of hy, is approximately twice
the size of the experimental value. Unlike the case of cyanopyrazine [17], however, no sign change
in the value of h; was observed for 2-cyanopyrimidine. On average, the MP2 computed distortion
constants are in closer agreement than the B3LYP values. Despite the discrepancies described for
each set of computed values, they provide very good a priori predictions of the rotational spectrum

and are important in assisting the early stage of least-squares fitting.

Spectral Analysis of vis and v27

The two lowest-energy vibrationally excited states of 2-cyanopyrimidine are an isolated,
Coriolis-coupled dyad, similar to those seen in other cyanoarenes [12,13,15-17]. The lower-
energy vibration, vis (B1, 132 cm~! B3LYP), is an out-of-plane bend of the nitrile group with
respect to the aromatic ring, while vo7 (B2, 175 cm~-! B3LYP) involves an in-plane bend of the
nitrile group. The vibrational manifold of 2-cyanopyrimidine below 600 cm—1 is presented in Fig.
3.6, which depicts additional possible coupled states, especially above 450 cm-. This work
focuses only on the coupled dyad of vig and vo7. The initial assignment of vig and v27 was performed
using a single-state, distorted-rotor Hamiltonian for each vibrational state. Computationally
predicted rotational constants and ground-state distortion constants were used for initial
predictions. This technique allowed for the assignment of three series corresponding to Ka =0, 1,
and 2 for both states, but there was apparent perturbation in each least-squares fit that was untreated
in a single-state model. Thus, a two-state model was adopted, initially using the AE1g27 and Ga
values predicted by B3LYP and the rotational constants Ag, By and Cy (Ao is the experimental

ground-state value and By and C, are the experimental ground-state values corrected by the
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respective B3LYP vibration-rotation interaction constants, ag and ac, for each vibrational state).
The vibration-rotation interaction constant, aa, was not used because it showed clear signs of
absorbed perturbation (equal magnitude but opposite sign for each state; vide infra). Quartic,
sextic, and octic distortion constants were set to their ground-state values, and in the initial least-
squares fitting process, only AE and C, were allowed to vary. As transitions were added to the
least-squares fit, additional rotational, centrifugal, and Coriolis-coupling coefficients were varied
to model the experimental spectrum until all observed transitions for each vibrational state were
assigned across the frequency region measured. The extent of the rotational transitions measured
are shown in Fig. 3.7, and the spectroscopic constants determined in the least-squares fit are

provided in Table 3.3.

600 RIZT s A
AV gTL7, A
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Fig. 3.6. Vibrational energy levels of 2-cyanopyrimidine below 600 cm-! from computed
fundamental frequencies (B3LYP/6-311+G(2d,p)). The value of AEiso7 results from the
experimental perturbation analysis of vig and v27 in this work (vide infra).
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Fig. 3.7 Data distribution plots for the least-squares fit of spectroscopic data for the lowest-energy
fundamental states of 2-cyanopyrimidine, vig (magenta) and v27 (green). The size of the symbol
is proportional to the value of |(fobs. — fcaic)/df], where Jf'is the frequency measurement uncertainty,

and values greater than 3 are depicted in red.
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Experimentally determined spectroscopic constants for the ground and vibrationally excited
states vig and vo7 of 2-cyanopyrimidine (A-reduced Hamiltonian, 1" representation).

ground state ?

vig (B1, 133 cm—l) ab

Va7 (Bz, 175 cm—l) ab

A, (MHz) 6043.4539 (12) 6051.08 (13) 6032.06 (13)
By (MHz) 1651.140609 (36) 1653.012774 (36) 1654.267680 (36)

C. (MHz) 1296.639905 (39) 1298.754909 (32) 1297.555132 (34)

Ay (MHz) 0.0483056 (22) 0.0492650 (13) 0.0493417 (13)
A (MH2) 1.037502 (25) 1.06773 (49) 0.98437 (49)

A« (MHz) 0.3608 (18) [0.3608] 0.4143 (13)

& (MHz) 0.01154427 (86) 0.01162990 (85) 0.01194518 (88)
& (MHz) 0.660687 (56) 0.663053 (60) 0.662360 (57)

@ (MHz) 0.000001716 (84) 0.000002372 (31) 0.000002309 (31)
@y (MHz) 0.0017323 (24) 0.0017797 (84) 0.0016502 (88)
ax; (MHz) —0.008505 (15) —0.008081 (11) [-0.008506]

@ (MHz) 0.0107 (10) [0.0107] [0.0107]

¢ (MHz) 0.000001226 (19) 0.000001384 (18) 0.000001592 (18)
¢ (MHz) 0.0008021 (15) 0.0008179 (11) 0.0007685 (11)
& (MHz) 0.008258 (34) 0.008228 (26) 0.008475 (27)
AEs27 (MHz) 1168210.84 (23)

AE1g27 (cm—Y) 38.9673191 (77)

Ga (MHz) 10666.3 (75)

Ga’ (MHz) —0.006165 (29)

GoX (MHz) —0.00466 (14)

Ga” (MHz) 0.00000000635 (44)

Foc (MH2) —0.3779 (26)

Foc* (kHz) —0.000006992 (97)

Ai (UA?) e 0.057658 (21) —0.1214 (19) 0.1997 (19)

Niines © 7591 7114 6712

otit (MH2) 0.036 0.046 0.048

& Octic centrifugal distortion constants are not shown and are held constant at their ground-state values in Table 3.2.
b Fundamental frequencies calculated using B3LYP/6-311+G(2d,p).

¢ Inertial defect, 4i = lc — la — Ip.

d Calculated using PLANM from the B, constants.

¢ Number of fitted transition frequencies.
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The final least-squares fit is an exhaustive collection of transitions across the frequency
region and totals over 7100 transitions for vig and 6700 for v27. The totals are only slightly lower
than that for the ground state (~7600), which is expected due to the somewhat lower intensity of
vibrationally excited states. The observed transitions range from 42 to 192 in J” + 1 for both states
and Ka = 0 to 63 and 62 for vig and v»7, respectively. The data set includes transition frequencies
that are shifted via global perturbations and intense resonances and included 17 transitions that are
formally forbidden, coupling-allowed interstate transitions. To achieve a satisfactory fit, it was
necessary to extend the frequency range beyond 360 GHz, because most resonances occur in this
region. These highly perturbed resonant transitions are critical in determining accurate and precise
Coriolis-coupling constants. The importance of data in the higher frequency region was noted in
the earlier case of cyanopyrazine [17], and it is even more important for 2-cyanopyrimidine.
Attempts to obtain a satisfactory least-squares fit using only data from the 130 GHz to 360 GHz
frequency range were ultimately unsuccessful. Least-squares fitting of the final data set, including
resonant transitions and symmetry-allowed interstate transitions, provides a precise energy
separation between vig and v27 (AE1s27 = 38.9673191 (77) cm™1). Based on similar results in
molecules where the band origins have been measured independently by high-resolution infrared
spectroscopy [13], the accuracy is presumed to be comparable to the precision. This large energy
separation required much higher values of J and K of vig before the energy levels are sufficiently
close to create resonances than in some previous works with smaller energy separations between
the coupled modes [12,13,15,16,35]. Along with a precise value of AE1s 27, the least-squares fit
nearly provides a complete set of quartic and sextic distortion constants, excluding 4k for vig, @

for vo7 and @ for both vig and v27. Unfortunately, Ak of vig could not be determined, which is

attributed to the high correlation of 4k with Aig and the limitation of being able to measure only
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2Ry, transitions. In addition, six Coriolis-coupling terms (Ga, Ga’, Ga¥, Ga”, Fuc, and Fnc<) were
determined. The inclusion of all of these coupling terms was needed to obtain a satisfactory least-
squares fit with a total error lower than the measurement uncertainty of 50 kHz.

A measure of the quality of the least-squares fit comes from the comparison of the
computed rotational constants to those experimentally determined to establish whether or not any
of the computed constants show signs of untreated Coriolis coupling. The vibration-rotation
interaction constants (Table 3.4) provide a straightforward comparison between the experimental
and computed values, where unaddressed Coriolis coupling appears as large values with opposing
sign between the two vibrational states. The MP2 values of Bo — By and Co — Cy are in excellent
agreement with the experimental values (within 6%), which provides confidence in the method to
determine the vibration-rotation interactions. The corresponding B3LYP values are approximately
as accurate as the MP2 values for Bo — By and Co — Cv (within 7%). In contrast, both the B3LYP
and MP2 values of Ao — Av show poor agreement with the experimental values, each having
similarly large discrepancies and much larger magnitudes than the experimental values (Table 3.4).
The disagreement indicates the presence of untreated Coriolis coupling in both computational
results or the experimental values. The fact that the experimental values are significantly smaller
than either computed value suggests that the least-squares fit may be performing a better job of
treating the Coriolis coupling. This situation, in which the experimental Ao — Ay values have
different signs than the computed values, was also noted in previous works [17,22]. The average
of the computed Ao — Avvalues for vig and v27 cancels out the unaddressed Coriolis effects, and
these averages are in excellent agreement with the experimental average (Table 3.4).

Unsurprisingly, the corresponding average values for the B, and C, values are also in excellent

agreement between both theoretical treatments and experiment. The AEig27 values for both
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computational methods are in close agreement; the B3LYP value is approximately 4 cm ™ too large
and the MP2 value is approximately 2 cm™ too small. The experimental Coriolis {{; ., value is
also in satisfactory agreement with both the MP2 and B3LYP values with the experimental value
being slightly larger (7%). The agreement between experimental and computational Coriolis {{g 5,
values, along with a low ait value, indicate a satisfactory treatment of the Coriolis coupling that is
present in the vig-vo7 dyad of 2-cyanopyrimidine.

Table 3.4

Vibration-rotation interaction and Coriolis-coupling constants of the 2-cyanopyrimidine vig-vo7
dyad.

Experimental B3LYP? MP2 @
Ao — A1g (MH2) ~7.62 (13) 81.13 95.75
Bo — Bis (MH2) ~1.872165 (51) ~1.84 ~1.77
Co— C1s (MH2) ~2.115004 (50) ~2.09 —2.03
Ao — Az7 (MHz) 11.39 (13) 7753 ~92.33
Bo — B2z (MH2) ~3.127071 (51) ~2.96 ~3.08
Co— C27 (MH2) ~0.915227 (52) ~0.85 -0.91
(Ao=A10)*(Ao=427) (\1y) 1.88 (09) 1.80 1.71

2

EozPr)*CoPor) (MHz)  —2.499618 (36) ~2.40 —2.43
QG Cmt) (MHz)  ~1.515115 (36) ~1.47 ~1.47

2% .| 0.873 0.809 0.810
AE1s27 (cm™Y) 38.9673191 (77)  42.70 36.64

2 Evaluated with the 6-311+G(2d,p) basis set.

The successful incorporation of many resonant and symmetry-allowed, nominal interstate
transitions into the data set indicates an adequate treatment of the dyad by the Hamiltonian, since
these transitions are highly dependent on AE1s 27 and the Coriolis-coupling coefficients utilized in
the least-squares fit. One example of the state mixing between vibrational states is shown in Fig.
3.8, where a sharp resonance occurs between the Ka = 117 series of vig and Ka = 7" series of vz

(AKa = 4). The most perturbed transition, at J” + 1 = 176, is ~500 MHz from its unperturbed
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location. Each of these series also displays large undulations occurring from both global coupling
perturbations. The progression of the global undulation, from low to high frequencies as Ka
increases, is displayed in Fig. 3.9. This plot highlights several of the resonances present for the
vig-v27 dyad, and the most perturbed transition, located in Ka =43, is ~ 1 GHz from its unperturbed
location. Most resonances are above J” + 1 = 130, reaffirming the utility of the extension of the

frequency range to 500 GHz.
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Fig. 3.8. Resonance plots for 2-cyanopyrimidine showing the Ka = 11" series for vig and Ka = 77
series for v27. These two resonances conform to the AKa = 4 selection rule for a-type resonances.
The plotted values are frequency differences between excited-state transitions and their ground-
state counterparts, scaled by (J” + 1) in order to make the plots more horizontal. Measured
transitions are represented by circles: vig (magenta), vo7 (green). Red circles indicate transitions
whose obs. -calc. values are more than three times the experimental uncertainty. Predictions from
the final coupled fit are represented by a solid, colored line.
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Fig. 3.9. Superimposed resonance plots of vig for ®Ro1 odd-Ka™ series from 5 to 45 for 2-
cyanopyrimidine. Measured transitions are omitted for clarity, but they are indistinguishable from
the plotted values on this scale. The plotted values are frequency differences between excited-
state transitions and their ground-state counterparts, scaled by (J” + 1).

A total of 17 independent nominal interstate transitions were measured and incorporated
into the least-squares fit, and they were crucial in finalizing several Coriolis-coupling constants
and confirming the assignment of some resonant transitions. These nominal interstate transitions
occur when rotational energy levels from each vibrational state are close enough in energy that
intense state-mixing occurs. In many cases, it is possible to measure corresponding intrastate and
interstate transitions for each level to create a matched set of four transitions (Fig. 3.10). As these

four transitions involve the same energy levels, the average of the interstate transitions must be the

same as the intrastate transitions. This condition confirms the assignment of all transitions when
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the difference between the sets of transitions is less than the measurement uncertainty of 50 kHz.
The frequency difference between the transitions in Fig. 3.10 is only 36 kHz despite the higher
obs. — calc. for individual transitions, e.g., the intrastate transition of vis, where it is one of two
transitions in the fit that is greater than three times the measurement uncertainty and is shown in
red in the resonance plot of Fig. 3.10 and in the data distribution plot (Fig. 3.7). The typical
working procedure for least-squares fitting is to scrutinize transitions with greater than two times
the measurement uncertainty with regards to including such transitions in the least-squares fit.
This transition displays an abnormal line shape, which is likely due to another underlying transition
distorting its true frequency. Although this would typically warrant the exclusion of this transition,
the very limited number of these important resonant and nominal interstate transitions in the data
set make even this imperfectly measured transition highly valuable for the coupling information it

provides. As a result, it was retained in the final data set with explicably high error.
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Fig. 3.10. Energy diagram (left) depicting a representative matched pair of nominal interstate
transitions between the vig (magenta) and v27 (green) vibrational states of 2-cyanopyrimidine.
Standard 2Ro,1 transitions within vibrational states are denoted by vertical arrows. The diagonal,
dashed arrows indicate nominal interstate transitions that are formally forbidden but enabled as a
result of rotational energy level mixing. Values printed on each of the arrows are the
corresponding transition frequency (in MHz) with its obs. — calc. value in parentheses. The marked
energy separation is between the two strongly interacting rotational energy levels. Resonance plots
(right) of the K, series of vig and v27 show the corresponding resonant intrastate transitions.
Measurement of the precise and accurate value of the energy difference for the out-of-plane
and in-plane nitrile bending modes for a variety C(sp?)—CN-containing organic molecules,
including the previously studied cyanoarenes, allows for an analysis of the structural factors that
impact the vibrational mode energies. As shown in Fig 1, the structure of each of the cyanoarenes
recently studied in our group [15-17] differs from benzonitrile [12,13] by N-atom substitution in
the aromatic ring. Similar to benzonitrile, 3-cyanopyridine [15], and 4-cyanopyridine [16] have

ortho C-H groups adjacent to the nitrile. Cyanopyrazine [17] has an ortho C-H group and a

nitrogen atom. 2-Cyanopyrimidine from this work completes this series by providing analogous
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data for a cyanoarene with two ortho nitrogen atoms. There is a monotonic increase in the AEip-oop
values with increasing substitutions of ortho C—H groups with nitrogen atoms shown in Table 3.5.
There is a smaller change to AEip-oop With meta substitution in the reverse direction, such that the

effects of ortho and meta substitution are approximately +10 and —3 cm, respectively.

Table 3.5
Experimental energy separations for selected organic species for the out-of-plane and in-plane
nitrile bending modes

ortho meta para
. -1
AE|p-oop (cm ) N N N
benzonitrile [12,13] 19.1081701(74) 0 0 0
3-cyanopyridine [15] 15.7524693 (37) 0 1 0
4-cyanopyridine [16] 18.806554 (11) 0 0 1
cyanopyrazine [17] 24.8245962 (60) 1 1 0
cyanopyrimidine (this work) 38.9673191 (77) 2 0 0
Conclusion

To expand the search for heterocyclic aromatic molecules in the interstellar medium, the
current study provides the necessary laboratory data to conduct an astronomical search for 2-
cyanopyrimidine. The larger dipole moment of 2-cyanopyrimidine (6.3 D) vs. pyrimidine (2.3 D)
increases the possibility of detection in the ISM if these species were to have similar abundances.
The combination of the spectroscopic constants provided here, along with computed (provided in
Supplementary Material) or experimental nuclear quadrupole coupling constants, would reliably
predict transition frequencies much lower or slightly higher in frequency than the frequency range
of the current measurements (130-500 GHz). The least-squares fit of the Coriolis-coupled dyad
of vig and vz7 allows for a precise determination of the energy separation of the fundamental
modes, AE1s 27, but high-resolution infrared spectroscopy is needed to determine the fundamental
frequencies. This infrared study would be challenging, however, since vig and v27 have quite low

predicted intensities (0.1 and 0.6 km/mol (MP2), respectively). Of the cyanoarenes studied to date,
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2-cyanopyrimidine exhibits the largest energy difference for the out-of-plane and in-plane nitrile
bending modes (AEip-oop = 38.9673191 (77) cm™?) of the studied cyanoarenes. This large energy
separation notwithstanding, a two-state Hamiltonian is required to adequately address the
transition frequencies observed for each vibrational state — even in the 130 — 360 GHz range. At
the same time, highly-perturbed transition frequencies (resonances) above 360 GHz are required
to adequately describe the Coriolis perturbation and obtain a satisfactory least-squares fit. This
behavior demonstrates how broadly Coriolis perturbation can affect transition frequencies, even
those that are not “highly” perturbed as resonances, and that the resonant transitions provide
important constraints on the determination of the spectroscopic parameters that cannot be obtained

from transition frequencies influenced by the global Coriolis interaction alone.
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The 130 to 500 GHz Rotational Spectroscopy of Cyanopyrazine (p-CsH3sN2-CN)
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Abstract:

The rotational spectrum of cyanopyrazine (2-pyrazinecarbonitrile, p-C4H3sN2-CN) has been
obtained from 130 to 500 GHz. Rotational transitions of cyanopyrazine have been measured,
assigned, and least-squares fit for the first time. Over 7000 transitions of the ground vibrational
state have been least-squares fit to partial octic, A- and S-reduced Hamiltonians with low statistical
uncertainty (ofit = 34 kHz). Similar to other cyanoarenes, the first two fundamental modes are the
out-of-plane (v27, A”) and in-plane (vig, A’) nitrile bending modes, which form an a- and b-axis
Coriolis-coupled dyad. Greater than 5800 transitions from each of these vibrational modes were
fit to a partial octic, A-reduced Hamiltonian (ot = 38 kHz), and the analysis reveals the precise
energy separation, AE»719, between the coupled vibrational states, as well as values for eight a-
and b-type Coriolis-coupling coefficients, G,, G, GX, GJ/, FK, G, G/, and F,.. Cyanopyrazine

is a strongly polar derivative of pyrazine, thus cyanopyrazine can serve as a potential tracer
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molecule for its nonpolar parent compound in extraterrestrial environments. The transition
frequencies and spectroscopic constants provided in this work, combined with theoretical or
experimental nuclear quadrupole coupling constants, provide the foundation for future
radioastronomical searches for cyanopyrazine.

Keywords

rotational spectroscopy, Coriolis coupling, interstellar molecule, astrochemistry

Introduction

The feasibility of radioastronomical detection of a molecule depends upon its population in the
source of interest and on the intrinsic intensity of its rotational transitions due to its dipole moment.
The direct detections of benzene [1] and other nonpolar species [1, 2] in extraterrestrial
environments rely upon infrared spectroscopy but can be supported or suggested by detection of
their polar, substituted derivatives by radioastronomy. The recent radioastronomical detections of
benzonitrile [3] and two cyanonaphthalenes [4] not only provide confirmation of these species in
the interstellar medium (ISM), but also suggest the presence of their parent species, benzene and
naphthalene. The presence of these nitrile-substituted aromatic molecules and the many other
nitrile-containing organic species in the ISM [5-7] inspired the recent rotational spectral analyses
of several nitrile-containing heteroaromatic compounds (Fig. 4.1) by our group, including
benzonitrile [8, 9], 3-cyanopyridine [10], and 4-cyanopyridine [11] up to 360 GHz in their ground
and vibrationally excited states. Similarly inspired, McNaughton et al. reported the 2 to 100 GHz
spectroscopy of several polycyclic aromatic nitriles (1-cyanonaphthalene, 2-cyanonaphthalene, 9-

cyanoanthracene, and 9-cyanophenanthrene) [12]. To facilitate astronomical searches for
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additional cyanoarenes, we have measured the laboratory rotational spectra of cyanopyrazine

(presented in this work), 2-cyanopyridine [13], and 2-cyanopyrimidine [14].

_N N _N
Z |N\ Z NN Z
= l/

benzonitrile 2-cyanopyridine 3-cyanopyridine
N
@K// YT
| | AN [ AN
N~ R&N N/
4-cyanopyridine 2-cyanopyrimidine cyanopyrazine

Fig 4.1. Cyanoarenes derived from benzene, pyridine, pyrimidine, and pyrazine.

Unlike its isomeric dinitrogen-containing benzene analogues, pyridazine (. = 4.22 [15]) and
pyrimidine (ua = 2.334 D [16]), pyrazine (D2n, = 0) does not possess a permanent dipole moment
due to the para substitution of its nitrogen atoms and cannot be the direct target of a
radioastronomical search. While neither pyridazine nor pyrimidine has been detected in the ISM
[17-20], and both molecules are part of a larger dilemma regarding the apparent absence of
aromatic heterocycles in the list of organic molecules in the ISM, pyrazine represents an intriguing
potential astrochemical species. It is nearly isoenergetic with pyrimidine, both of which are 19.7
kcal/mol more stable than pyridazine [21-23]. Due to its lack of a permanent dipole moment,
tracer molecules are required to explore the potential contribution of pyrazine to interstellar
organic chemistry. Substituted pyrazines have not garnered significant attention in the
spectroscopy community. Transition frequencies and rotational constants have been provided for

chloropyrazine [24, 25], but not for other substituted pyrazines. Given the prevalence of organic
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nitriles in the ISM, cyanopyrazine is the ideal tracer molecule for pyrazine. Detection of any
heterocycle or substituted heterocycle in the ISM would represent a dramatic breakthrough for the
field [17-20], because derivatives of the parent aromatic compounds are ubiquitous in biologically
relevant molecules. Alkylated pyrazines are found in various natural sources, including coffee

beans, cocoa beans, and vegetables and are produced by insects, fungi, and bacteria [26].

The two lowest-energy vibrational modes of the cyanoarenes are typically the out-of-plane and
in-plane nitrile bending modes, which are often sufficiently close in energy to observe Coriolis
coupling between them at millimeter-wave frequencies. Analysis of the rotational spectra for these
vibrational modes for benzonitrile [8, 9], 3-cyanopyridine [10], and 4-cyanopyridine [11] provided
highly accurate and precise relative energy values, Table 4.1. The Coriolis coupling and resultant
state mixing necessitate that transitions of the vibrational modes are least-squares fit as a Coriolis-
coupled dyad. It is this interaction that results in numerous resonant transitions and coupling-
allowed, nominal interstate transitions that provide the accurate and precise vibrational energy
spacing. Only for benzonitrile have the precise band origins of each mode been measured by high-
resolution, infrared spectroscopy [9]. Herein, we report the rotational spectroscopy and analysis

of the ground and two lowest-energy fundamentals of cyanopyrazine from 130 to 500 GHz.

Table 4.1
Energy differences between out-of-plane and in-plane nitrile bending modes for cyanoarenes
out-of-plane in-plane AE (cm™)
benzonitrile [8, 9] v22, B1 vss, B2 191081701(74)
3-cyanopyridine [10] V3o, A" Va1, A’ 15.7524693 (37)

4-cyanopyridine [11] V20, By vao, B2 18.806554 (11)
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Experimental Methods
A commercial sample of cyanopyrazine was used without further purification for all

spectroscopic measurements. The rotational spectrum was collected using a millimeter-wave
spectrometer that has been previously described [27, 28] in the 130 to 230 and 235 to 360 GHz
frequency ranges, in a continuous flow at room temperature, with sample pressures of 3 to 12
mTorr. Additional spectral data were obtained with a newly acquired amplification and
multiplication chain that extended the frequency range up to 500 GHz. The separate spectral
segments were combined into a single broadband spectrum using Kisiel’s Assignment and
Analysis of Broadband Spectra (AABS) software [29, 30]. The complete spectrum from 130 to
500 GHz was obtained automatically over approximately nine days given the following
experimental parameters: 0.045 kHz frequency increment, 0.6 MHz/sec sweep rate, 10 ms time
constant, and 50 kHz AM and 500 kHz FM modulation in a tone-burst design. Pickett’s
SPFIT/SPCAT [31] were used for least-squares fits and spectral predictions, along with Kisiel’s
PIFORM, PLANM, and AC programs for analysis [32]. A uniform frequency measurement
uncertainty of 0.050 MHz was assumed for all measurements.

Computational Methods and Results

Electronic structure calculations were carried out with Gaussian 16 [33] using the WebMO
interface [34] to obtain theoretical spectroscopic constants. Optimized geometries at the
B3LYP/6-311+(2d,p) and MP2/6-311+(2d,p) levels of theory were obtained using “verytight”
convergence criteria and an “ultrafine” integration grid, and subsequent anharmonic vibrational
frequency calculations were carried out using 2" order vibrational perturbation theory (VPT2).

All computational output files can be found in the supplemental material.
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Cyanopyrazine Rotational Spectra

The recently expanded frequency range of our instrument allowed us to measure the spectrum
of cyanopyrazine up to 500 GHz, a frequency coverage beyond that used in previous works on
cyanoarenes (up to 375 GHz) [8-11]. This is nearly an optimal range for cyanopyrazine at the
ambient laboratory temperature (Fig. 4.2), as it covers the most intense transitions based upon the
rotational populations. It was additionally advantageous to expand the frequency coverage for the
least-squares fitting of v27 and vi19, due to the J” + 1 values of the most intense transitions of these
vibrationally excited states (vide infra). The relatively low value of Co (~1276 MHz) for all
cyanopyrazine vibrational states results in the Ka = 0 series transition near 130 GHz having a value
of J” + 1 =51 and increasing to J” + 1 = 195 just before 500 GHz. This range of J” + 1 (and the
resulting range of Ka) quantum numbers provides a wealth of spectroscopic information on the

centrifugal distortion and necessitates a high-order Hamiltonian to adequately model the spectrum.

Intensity

..A.ummlwllwm‘w

100 200 300 400 500
Frequency /GHz

Fig. 4.2. Predicted spectrum from SPCAT of the ground vibrational state of cyanopyrazine up to
500 GHz at 292 K.
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Ground-State Spectral Analysis

The ground-state spectrum of cyanopyrazine (B3LYP 2 =4.2D, 1 =0.1 D, x=-0.854)
has not been reported, despite this benzonitrile analog being commercially available. The strong
electron-withdrawing effect of the nitrile group results in a dipole moment nearly coincidental with
that substituent (Fig. 4.3) and the a principal axis. Due to the asymmetry of the ring caused by the
nitrile substitution, there is also a slight b-axis dipole component. The large difference in the a-
and b-axis dipole components results in a-type transitions that are roughly 2000 times more intense
than the b-type transitions. As a result, the rotational spectrum of cyanopyrazine is dominated by
intense ?Ro,1 transitions across the frequency range (Fig. 4.4). Despite being a prolate molecule,
cyanopyrazine and other substituted arenes [8-11, 35] have prominent oblate-type bands, in which
transitions in the bands begin at Ka = 0 and increase in Ka as frequency increases. Cyanopyrazine
displays prolate-type bands at high Ka, though the spacing and intensity make them much less
prominent. The much weaker Q-branch transitions could not be observed and assigned for
cyanopyrazine owing to the spectral density created by excited vibrational states of cyanopyrazine.
Thus, the final transition data set for the ground vibrational state contained only a-type, R-branch
transitions. As shown in Fig. 4.5, these transitions cover a broad range of quantum numbers,
including J” + 1 = 42 to 189 and Ks = 0 to 66. The spectral density and frequency range
investigated allowed for the measurement, assignment, and least-squares fitting of 7078
independent transition frequencies to partial octic, A- and S-reduced Hamiltonians with low error
(orit = 34 kHz). The resulting spectroscopic constants are reported in Table 4.2, along with their
corresponding computed values. Though several octic terms are required in the A and S reduction

least-squares fits, no readily available computational software is able to provide these values for



85

comparison. Thus, Lk and the off-diagonal octic terms that could not be satisfactorily determined

were held at values of zero in the least-squares fitting.

Fig. 4.3. Cyanopyrazine (Cs, #ta=4.2 D, 1= 0.1 D, B3LYP) structure with principal axes.

LGl LT NN TR BT T L (R TR LR R I i L IR TN LR

| | |

||||||| % ¢ & F [ ¢ &+ & ¢ 17 &~ & 7 7 7 &% F F Fr [ F & 5 7 T 517 F %7

369 370 371 372
Frequency /GHz

Fig. 4.4. Predicted (top) and experimental (bottom) rotational spectra of cyanopyrazine from 368.2
to 372.4 GHz. Ground-state cyanopyrazine with prominent transitions for the J” + 1 = 144 and J”
+ 1 = 145 bands appear in black. Transitions for v,z are in purple and transitions for vig are in
dark green. Unassigned transitions are attributable to other vibrationally excited states of
cyanopyrazine.
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Table 4.2

Experimental and computational spectroscopic constants for the ground vibrational state of cyanopyrazine (S- and A-reduced
Hamiltonian, 1" representation)

S reduction, I" representation

A reduction, I" representation

Experimental B3LYP? MP2? Experimental B3LYP? MP22
Ao (MHz) 6003.12984 (58) 6016.1 5950.4 Ao (MHz) 6003.12822 (58) 6016.1 5950.4
Bo (MHz) 1621.517450 (24) 1619.4 1605.5 Bo (MHz) 1621.518806 (24) 1619.4 1605.5
Co (MHz) 1276.428481 (25) 1276.7 1264.1 Co (MHz) 1276.427155 (25) 1276.7 1264.1
D; (kHz) 0.0359497 (18) 0.0348 0.0345 4; (kHz) 0.0492594 (19) 0.0471 0.0472
Dik (kHz) 1.182301 (25) 1.11 1.15 A (kHz) 1.102415 (24) 1.04 1.07
Dk (kHz) 0.2897 (13) 0.317 0.282 Ak (kHz) 0.3525 (13) 0.379 0.345
d: (kHz) —0.01183021 (59) —0.0112 —0.0113 & (kHz) 0.01182909 (60) 0.0112 0.0113
d2 (kHz) —0.00665773 (39) —0.00616 —0.00636 & (kHz) 0.702668 (42) 0.660 0.677
H; (Hz) —0.000014359 (71) —0.0000123 —0.0000135 @y (Hz) 0.000001797 (74) 0.00000275 0.00000306
Hik (Hz) 0.0013660 (16) 0.00117 0.00129 D (Hz) 0.0019713 (18) 0.00170 0.00185
Hki (Hz) —0.007530 (15) —0.00646 —0.00718 @, (Hz) —0.009803 (15) —0.00845 —0.00932
Hk (Hz) 0.01171 (81) 0.00594 0.00652 @ (Hz) 0.01097 (83) 0.00738 0.00807
hi (Hz) 0.000000244 (14) —0.000000153 —0.000000148  ¢; (Hz) 0.000001844 (15) 0.00000129 0.00000142
h, (Hz) 0.000008265 (11) 0.00000756 0.00000829 @i (Hz) 0.0009204 (11) 0.000864 0.000945
hs (Hz) 0.0000016326 (42) 0.00000145 0.00000156 ¢« (Hz2) 0.009580 (31) 0.00862 0.00925
L, (mHz) 0.0000000295 (10) L, (mHz) 0.0000000361 (10)
Lix (mHz) —0.000002512 (15) Lak (mHz) —0.000002972 (15)
Lik (mHz) 0.00002268 (18) Lk (mHz) 0.00001795 (19)
Lkks (MHz) —0.0001332 (26) Lkks (MHz) —0.0001153 (26)
Lk (mHz) [0.] Lk (mHz) [0.]
Ai (UA?)b.c 0.075770 (12) Ai (UAZ)b.c 0.076419 (12)
Nlines d 7078 Nlines d 7078
oiit (MHz) 0.034 it (MHz) 0.034

@ Evaluated with the 6-311+G(2d,p) basis set.

b Inertial defect, Ai = Ic — la — Ip.

¢ Calculated using PLANM from the By constants.
d Number of fitted transition frequencies.

98
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Fig. 4.5. Data distribution plot for the least-squares fit of spectroscopic data for the vibrational
ground state of cyanopyrazine. The size of the symbol is proportional to the value of |(fobs. —
fcaic.)/0f], where Jf'is the frequency measurement uncertainty, and all values are smaller than 3.

The B3LYP computed rotational constants are in excellent agreement with the
experimental values, similar to that seen for 3- and 4-cyanopyridine [10, 11]. The largest
discrepancy between the experimental and computed rotational constant values is for Ao, which is
over-estimated by 13 MHz (0.21%). The B3LYP values of Bo and Co are within 2.1 MHz and 0.3
MHz of their experimental values, respectively. All of the B3LYP quartic centrifugal distortion
constants are in good agreement (within 10% of their experimental values) in both reductions.
There is much poorer agreement between the computed sextic distortion constants and the
experimental values, typically varying from 6 to 30%. Both @) and Hk, however, differ by about
50% from their computed values, while hy is the wrong sign. At first glance, it appears that the

MP2 computed values are worse than their B3LYP counterparts. Though the agreement of the
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MP2 values is inferior for the rotational constants, the deviations from the experimental values all
remain less than 1%. For nearly all of the remaining spectroscopic constants, the MP2 value is
closer to the experimental value than the B3LYP-computed value. All of the MP2 quartic
centrifugal distortion constants are within 5% of their experimental values, and all of them show
better agreement than the B3LYP values. With regard to the sextic centrifugal distortion constants,
the MP2 constant general agreement is between 0.2 and 6%. The exceptions are @, @, ¢, Hk,
and hy, with large discrepancies of 70%, —26%, —23%, —44%, and —160%, respectively. As with
the B3LYP value of hy, its MP2 value has the incorrect sign. Despite the issues with both sets of
computed spectroscopic constants, both B3LYP and MP2 values provide a priori predictions of
the rotational spectrum of cyanopyrazine sufficient to identify and assign its transitions in the

experimental spectrum.

Spectral Analysis of v27 and vig

Similar to other cyanoarenes [8-11], the first two fundamental modes of cyanopyrazine are the
out-of-plane and in-plane nitrile bending modes, v27 and vio, respectively. These two states form
a Coriolis-coupled dyad, which is well separated in energy from the ground state and the next
vibrationally excited state, 2vz7. The previous low-resolution infrared (IR) spectroscopy of
cyanopyrazine provides an assignment of most of the cyanopyrazine vibrational modes [36-39],
though there is some ambiguity about the assignment of the modes at 160, 173, and 339 cm™?, with
both of the lower modes assigned A” symmetry [38]. The two lowest-energy modes, v27 (A") and
vig (A"), are predicted to have energies of 137 and 167 cm™ (B3LYP) or 136 and 162 cm™* (MP2).
It is likely that the mode at 339 cm ™2, designated A’ in the solution phase IR and Raman vibrational
study, is vz6 (A"), but it is not clear whether either of the modes observed at 160 and 173 cm ™ are

vo7 (A') or vig (A'). As aresult of that ambiguity, the vibrational state diagram shown Fig. 4.6. is
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based upon the B3LYP fundamental frequencies. The initial predictions for these vibrational states
were made based upon the experimental ground-state rotational constants, computational
vibration-rotation interaction constants, and the ground-state centrifugal distortion constants.
After initial measurement, assignment, and least-squares fitting of these fundamental states, it
became clear that a single-state Hamiltonian was insufficient to model their rotational spectra. To
address this problem, a Coriolis-coupled dyad Hamiltonian was employed similar to our previous
works [8-11, 35, 40, 41]. The A” and A’ symmetries of these states allows both a- and b-axis
Coriolis coupling. Thus initially, computed Ga, Gb, and AE27,19 values were added to the least-
squares fit. As transitions were added to the fit, these parameters were allowed to vary, and
additional parameters were included until the available transitions could be modeled adequately.
The breadth of transitions is shown in Fig. 4.7, and the resulting spectroscopic constants are

provided in Table 4.3.
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perturbation analysis of vz7 and vi7 in this work (vide infra).
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Fig. 4.7 Data distribution plots for the least-squares fit of spectroscopic data for the lowest-energy
fundamental states of cyanopyrazine, vo7 (purple) and vio (dark green). The size of the symbol is
proportional to the value of |(fobs. — fealc.)/d7], where of is the frequency measurement uncertainty,
and all values are smaller than 3.
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Experimentally determined parameters for the ground state and vibrationally excited states v27 and
vig of cyanopyrazine (A-reduced Hamiltonian, 1" representation).

ground state 2

V27 (A”, 136 cm’l) ab

V19 (A', 162 cm’l) ab

A, (MHz) 6003.12822 (58) 6026.492 (18) 5977.166 (18)

By (MHz) 1621.518806 (24) 1623.29554 (16) 1624.75111 (17)

Cv (MHz) 1276.427155 (25) 1278.422236 (28) 1277.400270 (27)
4; (kHz) 0.0492594 (19) 0.05013381 (98) 0.0504064 (10)
A (kHz) 1.102415 (24) 1.12777 (17) 1.05278 (17)

Ak (kHz) 0.3525 (13) 0.3421 (28) 0.4081 (42)

0 (kHz) 0.01182909 (60) 0.01191174 (61) 0.01227503 (66)
& (kHz) 0.702668 (42) 0.704032 (38) 0.706581 (29)
@ (Hz) 0.000001797 (74) 0.000002534 (20) 0.000002850 (20)
D (Hz) 0.0019713 (18) 0.0020104 (37) 0.0018932 (37)
i (Hz) —0.009803 (15) —0.0104488 (91) —0.008731 (12)
ax (Hz) 0.01097 (83) 0.00672 (61) 0.00602 (53)

& (Hz) 0.000001844 (15) 0.000002043 (12) 0.000002359 (14)
o (Hz) 0.0009204 (11) [0.0009204] [0.0009204]

& (Hz) 0.009580 (31) [0.009580] [0.009580]
AE2719 (MHZ) 744222.67 (18)

AEz7,10 (cm™?) 24.8245962 (60)

Ga (MHz) 10789.33 (63)

Ga’ (MHz) —0.0052515 (62)

G (MHz) —0.029393 (77)

Ga” (MHz) 0.00000000517 (11)

Foc (MHz) —0.00001287 (20)

Gy (MHz) —134.02 (45)

Gy’ (MHz) 0.0000378 (12)

Fac (MHz) —-1.079 (12)

4i (UA?)© 0.012604 (26) 0.02917 (26)
Niines © 6257 5893

aiit(MHz) 0.038 0.037

a Qctic centrifugal distortion constants not shown and held constant at their ground-state values in Table 4.2.
b Fundamental frequencies calculated using MP2/6-311+G(2d,p).

¢ Inertial defect, 4i=1c — la — Ip.

d Calculated using PLANM from the B, constants.

¢ Number of fitted transition frequencies.
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The final least-squares fit of the Coriolis-coupled dyad (v27 and v19) contained over 12,000
transitions, including many transitions involving energy levels perturbed by the coupling, many
intensely shifted resonant transitions created by nearly degenerate energy levels of v27 and v19, and
37 formally forbidden, coupling-allowed, nominal interstate transitions. Due to the intensity of
the transitions for each vibrationally excited state, the numbers of transitions for each state in the
final data set for vo7 and vio (6256 and 5871, respectively) are decreased only slightly from that of
the ground state (7078). In the frequency range studied, the observed transitions range from 42 to
191inJ”+ 1 and from 0 to 60 in Ka. As many of the more intense resonant transitions and nominal
interstate transitions occur beyond 360 GHz, obtaining a satisfactory least-squares fit necessitated
extending the measured spectral range up to 500 GHz, which had not been necessary in previous
works on analogous species [8-11]. The need for higher frequency can be attributed to the larger
experimental energy difference between the coupled states, relative to the previously studied
compounds (Table 4.1). In cyanopyrazine, the energy separation between v27 and vig (24.8245962
(60) cm™) requires higher values of J and K for the energy levels of v,7 to approach those of vig
closely enough to create resonances (vide infra). It is important to note that this energy difference
varies substantially from the frequencies reported for the two lowest-energy fundamentals in the
previously reported low-resolution IR and Raman spectroscopic data [38] of 173 and 160 cm™
casting doubt on the previous liquid-phase IR assignments. In addition to determining a highly
accurate and precise AEz719 value, the least-squares fit provides a nearly complete set of
spectroscopic constants of a sextic centrifugally distorted, A-reduced Hamiltonian (excluding the
off-diagonal terms ¢y and ¢«) and eight Coriolis-coupling coefficients (G,, G, GX, GV, FX., Gy,

Gl{, and F,.). Attempts to include Fyc in the least-squares fit were made, but were not successful.
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In view of that, we found it surprising that FX. was necessary to achieve a reasonable fit and could
be well determined.

The computed spectroscopic constants By and Cy are in quite close agreement with their
experimentally determined values (Table 4.4). At both the MP2 and B3LYP levels, the predicted
vibration-rotation interaction constants (Bo — By) differ by less than 10% from their experimental
values, with the MP2 values in slightly closer agreement than the B3LYP values. The very close
agreement seen for the Bo — By values provides evidence that the deperturbation of the constants in
the computational results and the treatment of the Coriolis-coupling were both reasonably
effective. For the Ag— Ay values, however, there is a very large discrepancy between the computed
and experimental values. At both levels of theory, the magnitudes of the Ao — Ay values are
computed to be five or six times larger than the experimental values. This is largely due to residual
untreated Coriolis-coupling in the computed values, given the very large magnitudes of the values
and the smaller magnitudes of the experimental Ao — Ay values in this and similar works. The
B3LYP-predicted values are slightly closer to the experimental ones than the MP2 values, in this
case. Given the fairly large experimental Ag— Ay values, it is possible that they also retain untreated
Coriolis coupling, though to a much lesser extent than the computed values. The MP2 AE27,19
value of 26.4 cm™ is in excellent agreement with the very precise experimental value, while the
B3LYP value is an overestimate by 6 cm™. The Coriolis {3 ;4 values show very good agreement
between theory and experiment at the B3LYP and MP2 levels of theory, which, combined with
the low osit value, indicates a satisfactory treatment of the a-axis and b-axis Coriolis coupling in

the least-squares fit.
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Table 4.4. Vibration-rotation interaction and Coriolis-coupling constants of cyanopyrazine.

Experimental B3LYP? Mp2 @
Ao — Az7 (MHz) ~23.364 (18) 112.0 138.7
Bo — B27 (MH2) ~1.77673 (17) -1.71 ~1.66
Co— Cz7 (MHz) ~1.995081 (37) ~1.97 ~1.92
Ao — As (MHz) 25.962 (18) ~109.5 ~136.4
Bo - B1o (MH2) ~3.23230 (17) ~3.07 -3.18
Co— C19 (MHz) ~0.973115 (37) ~0.90 ~0.95
o A”)Z(A" 212) (MHz) 1.299 (13) 1.29 1.14
BB BomPio) (MHZ) 950452 (12) ~2.39 ~2.42
Q= 09) (MHZ)  _3 484008 (26) ~1.43 ~1.44
7% 19| 0.899 0.804 0.808
|22, 10| 0.0413 0.036 0.037
AEz710 (cm ) 24.8245962 (60) 30.6 26.4

2 Evaluated with the 6-311+G(2d,p) basis set.

Further evidence of an adequate treatment of the dyad by the Hamiltonian model is the
ability to include many resonant and nominal interstate transitions in the data set, whose prediction
is heavily dependent on the AE>7,19 value and Coriolis-coupling constants. Sharp a-type and b-
type resonances are observed due to mixing of vz and vig energy levels that are nearly degenerate,
as shown in Fig. 4.8. A “minus” superscript on the Ka value indicates that Ka + Kc =J + 1, whereas
a “plus” superscript indicates that Kq + Kc = J. AtJ” + 1 =157, there is an intense a-type resonance
between v27 and vig with a AKa = 2 selection rule. The resonant transitions are displaced from
their unperturbed transition frequencies by about 1.5 GHz. There are additional small resonances
in the Ka = 16 series of vig that correspond to resonances in different vo7 series. Each of these
series displays the large undulations due to centrifugal distortion and Coriolis coupling between
these states. Figure 4.9 shows how these resonances and undulations progress across the Ka* series
of vo7. The undulations and resonances become more pronounced and move to progressively

higher J"+1 values as a function of Ka. While it is generally possible to obtain quartic distortion
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constants and preliminary values of the energy difference and Coriolis-coupling constants from
the undulations, many local resonances are often needed to obtain precise determinations of these
constants. The resonance progression plot shows that, for cyanopyrazine, most of the intense
resonances occur after J” + 1 = 100, reiterating the importance of obtaining the higher-frequency

data (360 — 500 GHz) used in this work.
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Fig. 4.8. Resonance plots for cyanopyrazine showing the Ka = 16 series for vig and Ka = 18"
series for v27. These two resonances conform to the AKa = 2 selection rule for a-type resonances.
The plotted values are frequency differences between excited-state transitions and their ground-
state counterparts, scaled by (J"+1) in order to make the plots more horizontal. Measured
transitions are represented by circles: vo7 (purple), vi7 (green). Predictions from the final coupled
fit are represented by a solid, colored line.
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Fig. 4.9. Superimposed resonance plots of v27 for ®Ro1 even-Ka" series from 2 to 30 for
cyanopyrazine. Measured transitions are omitted for clarity, but they are indistinguishable from
the plotted values on this scale. The plotted values are frequency differences between excited-
state transitions and their ground-state counterparts, scaled by (J” + 1).

Two additional types of transitions are observed in the excited-state spectra of
cyanopyrazine that are made possible by the coupling of the fundamental states: b-type transitions
that are more intense than they would be due purely to the b-axis dipole moment and nominal
interstate transitions. As observed with cyanocyclobutene [41], the state mixing of v27 and vig
allows intensity transfer from a-type transitions to b-type transitions. In this case, b-type

transitions observed for each vibrationally excited state, unlike cyanocyclobutene where they were



97

only observed in vi7. The result is that there are many b-type, R-branch transitions assigned,
measured, and least-squares fit for the dyad despite the very small s (approximately 42 times
smaller than ). Formally forbidden, nominal interstate rotational transitions are observable from
the energy levels with the most intense state-mixing. They share at least one energy level with a
transition involved in a resonance and borrow intensity from those resonant transitions. In some
cases, the intensity borrowing is so profound that the intrastate resonant transitions have
vanishingly small intensities and cannot be observed. In other cases, such as the one highlighted
in Fig. 4.10, all four transitions (two intrastate resonant transitions and two interstate transitions)
can be observed and included in the least-squares fit. Since the four transitions involve the same
four energy levels, the average of the nominal interstate frequencies should be the same as that of
the intrastate frequencies. For the particular set depicted in Fig. 4.10, the averages differ by only
25 kHz, giving confidence in their assignment and in the dyad least-squares fit overall. The
inclusion of the many b-type transitions and the nominal interstate transitions provides a
substantial constraint on the AE»719 value and Coriolis-coupling constants. As a result, we are
confident that the spectroscopic constants provided are well-determined and likely to be physically

meaningful and predictive beyond the studied frequency range.
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Fig. 4.10. Energy diagram (left) depicting a representative matched pair of nominal interstate
transitions between the v7 (purple) and vio (dark green) vibrational states of cyanopyrazine.
Standard 2Ro,1 transitions within vibrational states are denoted by vertical arrows. The diagonal,
dashed arrows indicate nominal interstate transitions that are formally forbidden, but enabled as a
result of rotational energy level mixing. Values printed on each of the arrows are the
corresponding transition frequency (in MHz) with its obs. — calc. value in parentheses. The marked
energy separation is between the two strongly interacting rotational energy levels. Resonance plots
(right) of the K, series of v27 and vig that contain the corresponding resonant transitions identified
with a blue box.

Conclusion

The transition frequencies and spectroscopic constants for cyanopyrazine, presented in this
work, provide the necessary laboratory data for future astronomical searches for this potential
pyrazine tracer. Combined with computed or experimental nuclear quadrupole coupling constants
the spectroscopic constants should reliably predict transition frequencies to much lower or slightly
higher frequencies for the ground and two lowest-energy fundamentals. While this work provides

the precise and accurate energy separation between vibrational modes v27 and vig, high-resolution
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infrared spectroscopy or other spectroscopy that would provide a direct measurement of the
frequency of either v27 and v19 is needed to determine both fundamental frequencies. This would
be somewhat challenging due to the low predicted intensities of v27 and vig, 1.5 and 0.4 km/mol
(MP2), respectively. Such an investigation would also resolve the ambiguity concerning the
proper assignment of these two modes from the previous low-resolution infrared study. A high-
resolution infrared study would further provide the necessary information to begin to address the
complex set of interacting vibrationally excited states higher in energy than v27 and vig. The two-
quanta states of v27 and v1g are expected to form a complicated tetrad of states with vz (0.8 km/mol,
MP2), as shown in Fig. 4.6. Although the mm-wave intensities of these states are expected to
strong enough to readily observe their spectra and many perturbation constants can be predicted
by scaling the coupling constants between vz7 and vie by a factor of /2, achieving a satisfactory

least-squares fit will still be a challenging endeavor.
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Abstract

The millimeter-wave rotational spectrum of ketene (H.C=C=0) has been collected and
analyzed from 130 GHz to 750 GHz, providing highly precise spectroscopic constants from a
sextic, S-reduced Hamiltonian in the I" representation. Chemical synthesis of deuteriated samples
allowed spectroscopic measurements of five previously unstudied ketene isotopologues.
Combined with previous work, these data provide a new, highly precise, and accurate semi-
experimental (re>E) structure for ketene from 32 independent moments of inertia. This re>t
structure was determined with the experimental rotational constants of each available
isotopologue, together with computed vibration-rotation interaction and electron-mass distribution
corrections from coupled-cluster calculations with single, double, and perturbative triple
excitations [CCSD(T)/cc-pCVTZ]. The 26 uncertainties of the r.°5 parameters are < 0.0007 A and
0.014° for the bond distances and angle, respectively. Only S-reduced spectroscopic constants

were used in the structure determination, due to a breakdown in the A reduction of the Hamiltonian

for the most prolate ketene species. All four reSt structural parameters agree with the “best
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theoretical estimate” (BTE) values, which are derived from a high-level computed re structure
[CCSD(T)/cc-pCV6Z] with corrections for use of a finite basis set, the incomplete treatment of
electron correlation, relativistic effects, and the diagonal Born-Oppenheimer breakdown. In each
case, the computed value of the geometric parameter lies within the statistical experimental
uncertainty (2c) of the corresponding semi-experimental coordinate. The discrepancies between
the BTE structure and the re structure are 0.0003 A, 0.0000 A, and 0.0004 A, for rc c, rc 1, and
rc-o, respectively, and 0.009° for éc_c .
Introduction

Ketenes (R.C=C=0) represent an important functional group in organic chemistry.*? The
reactivity of ketenes, albeit modulated by the nature of the substituents, is generally very high with
respect to cycloaddition reactions and the addition of nucleophiles. As such, ketenes are precursors
to the family of carboxylic acid derivatives, including anhydrides, carboxylic acids, esters, and
amides (Scheme 5.1). It is the central relationship to these and other functional groups that places
ketenes as important intermediates in diverse areas of science, including synthetic organic
chemistry,’ petroleum refining,* photolithography,® atmospheric chemistry,® combustion,” and
astrochemistry.® The parent molecule of the family, ketene (H.C=C=0), is a paradigm in terms of
structure, bonding, and reactivity. It is a cornerstone of structural organic chemistry and has
attracted substantial interest from both experimental and theoretical communities. In the current
study, we describe the determination of a highly precise, gas-phase molecular structure for ketene

using state-of-the-art methods for both experiment and theory.



106

2 9
/C\ /C\
H3C (6] R
RCO y anhydride
(0]
&
H20 HsC™~“OH
o | 77
,C,; acid
C. ROH
H H
(0]
I
/C\
ketene NHs H3C”™  OR
\ ester
(0]
8
H3C/ \NHZ
amide

Scheme 5.1. Reactions of ketene with various nucleophiles

Ketene (H.C=C=0, Cay, ethenone) has been identified as an interstellar molecule, with its
initial detection in Sgr B2 in 1977.° Its detection in that source was later confirmed,® and various
subsequent studies detected ketene in other galactic'**® and extra-galactic'® sources. Ketene has
been generated from photolysis of interstellar ice analogues comprising of a wide variety of
chemical compositions (Oz + C2Hz, COz + CoHa, CO + CH4).2 The central, electrophilic carbon
atom of ketene reacts with common interstellar molecules H>O, NHs, CH3zOH, and HCN to form
acetic acid, acetamide, methyl acetate, and pyruvonitrile, respectively.’'° Some of these reaction
products have potential prebiotic importance in the interstellar medium. Ketene can also be
generated from the decomposition of two known interstellar molecules: acetic acid?® and acetone.?
Acylium cation (HsC—C=0", Csy),?? which has been recently detected in the ISM,?® is a protonated
form of ketene. Due to its prevalence and possible role in the chemical reactions of extraterrestrial
environments, the observation of rotational transitions of ketene in its ground and vibrationally

excited states is important to radioastronomers. Previously, the rotational spectra of various ketene
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isotopologues have been observed and assigned up to a frequency of 350 GHz. In this work, we
extended the frequency range to 750 GHz for fifteen ketene isotopologues, including all singly
substituted heavy-atom isotopologues of ketene, ketene-di1, and ketene-d>. The doubling of the
spectral range for ketene isotopologues, along with new isotopologue analyses, expands the
capabilities for radioastronomers to search for ketene spectral lines in different extra-terrestrial
environments.

The pure rotational spectra of ketene and its isotopologues have been studied extensively
for over seventy years. The rotational spectrum of ketene and its two deuteriated isotopologues,
[2-2H]-ketene (HDC=C=0) and [2,2-?H]-ketene (D.C=C=0), were measured in the early
1950s.242° Subsequently, heavy-atom substituted isotopologues [2-3C]-ketene and [*®O]-ketene
were measured in 1959 and 1963,%52 but the final single-substitution isotopologue, [1-13C]-ketene,
was not reported until 1990.28 In 1966, the proton spin-rotation and deuterium nuclear quadrupole
constants were determined for ketene, [2-2H]-ketene, and [2,2-2H]-ketene.?® The frequency range
was extended into the millimeter-wave region (up to 220 GHz) for [2-?H]-ketene and [2,2-2H]-
ketene, permitting analysis of their centrifugal distortion in 1976.° More recent works have
expanded the measured frequency range further to 350 GHz for various isotopologues, refined the
least-squares fits, and measured the spectrum of new isotopologues [*O]-ketene,®! [1,2-13C]-
ketene,®? [2,2-2H, 1-13C]-ketene,® [2,2-2H, 2-13C]-ketene,*? and [2,2-2H, 80]-ketene.®? For
ketene, itself, Nemes et al. reported the measurement of 82 a-type, AKa = 0 transitions up to 800
GHz.*® Figure 5.1 illustrates the eleven isotopologues for which rotational spectra have been

previously reported (black) and the five isotopologues newly measured in this work (blue).
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FIG. 5.1. Ketene isotopologues previously measured (black) and newly measured in this work
(blue). Ketene, [2-2H]-ketene, and [2,2-2H]-ketene were measured by Bak et al.?* [2-13C]-ketene
and [*80]-ketene were measured by Cox et al.?® [1-13*C]-ketene was measured by Brown et al.?8
[1"O]-ketene was measured by Guarnieri et al.3! [1,2-13C]-ketene, [2,2-?H, 1-3C]-ketene, [2,2-H,
2-13C]-ketene, and [2,2-2H, 180]-ketene were measured by Guarnieri.®? The date listed indicates
the first literature report of that isotopologue.

The gas-phase infrared spectrum of ketene was recorded nearly eighty-five years ago.3*
The rotational structure in the infrared spectrum was first analyzed by Halverson and Williams,®
followed by Harp and Rasmussen,*® Drayton and Thompson,®’ Bak and Andersen,®® and Butler et
al.® Infrared spectra of [2-2H]-ketene and [2,2-2H]-ketene were reported in 1951%° and the first
vibration-rotation bands of ketene and [2,2-2H]-ketene were observed by Arendale and Fletcher in
1956.442 The first complete analysis of rotationally resolved infrared spectrum of the nine
fundamental states present in ketene, [2-2H]-ketene, and [2,2-2H]-ketene was performed by Cox et
al. in 1963.%* Nemes explored the Coriolis coupling present in vs, vs, vs, and ve of ketene in two
separate works in 1974 and 1978.4445 A similar work was done on [2,2-?H]-ketene by Winther et

al., where vs, vs, vs, and ve were examined.*® A high-resolution infrared analysis of the four A;

vibrational states for ketene, [2-2H]-ketene, and [2,2-2H]-ketene was performed by Duncan*’ and
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followed by the high-resolution infrared study of vs, vs, v7, and vs fundamental states and two
overtone states for ketene by Duncan and Ferguson.*® The vg, vs, and vs bands in [2,2-?H]-ketene
were analyzed with high-resolution infrared spectroscopy by Hegelund et al.*® Escribano et al.>°
examined the vi1 band of ketene in 1994, which is coupled to other vibrational modes. The
fundamental states, vs and ve, were reexamined by Campina et al.>! in 1998 along with the
observation of ve + vo in 1999 by Gruebele et al.> Johns et al.>® were able to update the ground-
state spectroscopic constants derived from millimeter-wave data along with the infrared data
provided by Campina et al.>* and Escribano et al.>® Nemes et al.> revisited the non-linear least-
squares fitting of vs, ve, and vg and were able to remove most of the Coriolis perturbation
contributions to the A, rotational constants and derive new experimental Coriolis £ constants. The
vibrational energy manifold up to 3400 cm™ is presented in Fig. 5.2, using the experimental

frequencies where available and supplementing with CCSD(T) values where they are not available.
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FIG. 5.2. Vibrational energy levels of ketene below 3400 cm™. Experimentally observed
vibrational energy levels (black, purple, maroon) are each taken from the most recent literature
report and labeled.*>* Unobserved vibrational energy levels (gray) are depicted using computed
fundamental frequencies (CCSD(T)/cc-pVTZ). Overtone and combination states are provided up
to five quanta.

The observation and assignment of various ketene isotopologues has been used for several
structural determinations presented in Table 5.1.28°%°8 The first zero-point average structure (r;),
accounting for harmonic vibrational corrections, centrifugal distortion, and electronic corrections,
was determined in 1976.>° A second r; structure was calculated in 1987, after several works
examining the vibrational spectra of ketene isotopologues facilitated a more physically realistic
general harmonic force field to be applied to the structure calculation.*’#8>° The additional
measurement of [1-*C]-ketene by Brown et al.?® enabled the first complete substitution structure
(rs) determination, where every atom was isotopically substituted at least once in the structure

determination. The first semi-experimental equilibrium structure (re°%), using vibration-rotation

interaction corrections calculated from an anharmonic force field, was calculated in 1995 with the
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rotational constants of the six isotopologues available at that time.>" The six isotopologues in this
r.>E structure provide twelve independent moments of inertia, which is more than sufficient to
determine the four structural parameters of ketene. Guarnieri et al.332% measured and assigned
rotational transitions for five new isotopologues and determined an updated re>€ from rotational
constants of eleven isotopologues (twenty-two independent moments of inertia) using vibration-
rotation corrections calculated at the MP2/cc-pVTZ level in 2010.°® The two re>E structures are

generally in good agreement, but disagree somewhat with respect to the rc_+ value.



Table 5.1. Select previously reported structures of ketene.

Mallinson et al.>® Duncan et al.>® Brown et al.?® East et al.®’ Guarnieri et al.%®
r; 1976 r, 1987 rs 1990 re>E 1995 re> 2010
rcc 1.317 1 (20) @ 1.3165 (15) ® 1.314 (72) © 1.312 12 (60) ¢ 1.3122 (12) ¢
rc-H 1.079 7 (10) 2 1.080 02 (33) ® 1.082 5 (15) ¢ 1.075 76 (14)¢ 1.076 3 (2) ¢
rc-o 1.160 8 (20) 2 1.161 4 (14)® 1.162 (72) © 1.160 30 (58) ¢ 1.160 7 (12) ¢
fc-cH 119.02 (10) @ 119.011 (31) ® 118.72 (5) ¢ 119.110 (12) ¢ 119.115 (22) ¢
Niso © 5 5 6 6 11

aUncertainties as stated in Mallinson et al.>®

b3 values

¢ Uncertainties estimated as recommended by Costain® and Harmony et al.5?
4 All statistical uncertainties adjusted from previous reports to be 2c values
¢ Number of isotopologues used in the structure determination

¢T1
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The foundation for semi-experimental equilibrium (re5%) structure determination was
pioneered by Pulay, Meyer, and Boggs,®® and accuracy of the structures obtained using this
approach have been exemplified in various works.%4%" The accuracy of semi-experimental
structures using different computational methods was investigated in the 1990s and 2000s%"* and
was comprehensively reviewed by Puzzarini” and Puzzarini and Stanton.”® The coupled-cluster
method for both geometry optimizations and anharmonic force-field calculations, along with
sufficiently large basis sets for the molecule of interest, was shown to provide the most accurate
structural parameters.”>’” For larger molecules, where coupled-cluster methods are not feasible,
structural parameters derived from density functional methods, e.g., B3LYP/SNSD, display
reasonable accuracy.”® A number of our recent works have shown remarkable agreement of
CCSD(T)/cc-pCV5Z or CCSD(T)/cc-pCV6Z re structures with re>E structures determined using
CCSD(T)/cc-pCVTZ vibration-rotation corrections.”*®® Due to the small number of atoms in
ketene, the coupled-cluster approach is utilized in this work to obtain an re°F structure at similar
levels of precision and accuracy to those recent works.

Experimental Methods

The rotational spectra of synthesized samples of ketene and deuteriated ketene, described
later, were continuously collected in segments from 130 — 230 GHz, 235 — 360 GHz, 350 — 500
GHz, and 500 — 750 GHz. The instrument covering the 130 — 360 GHz range has been described
previously.®-8° The 350 — 500 GHz and 500 — 750 GHz segments were obtained with a newly
acquired amplification and multiplication chain, VDI Mini SGX (SGX-M), with external
multipliers, WR4.3X2 and WR2.2X2 attached for 350 — 500 GHz and WR4.3X2 and WR1.5X3
attached for 500 — 750 GHz. These spectral segments were detected by VDI zero-bias detectors

WR2.2ZBD and WR1.5ZBD, respectively. The complete spectrum from 130 to 750 GHz was
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obtained using automated data collection software over approximately twelve days with these
experimental parameters: 0.6 MHz/sec sweep rate, 10 ms time constant, and 50 kHz AM and 500
kHz FM modulation in a tone-burst design.®® The frequency spectra were combined into a single
spectral file using Assignment and Analysis of Broadband Spectra (AABS) software.?*? Pickett’s
SPFIT/SPCAT programs®® were used for least-squares fits and spectral predictions, along with
Kisiel’s PIFORM, PLANM, and AC programs for analysis.®*%® Additional short-frequency ranges
of the spectrum were collected with an increased number of scans for low-abundance
isotopologues. In our least-squares fits, we assume a uniform 50 kHz frequency measurement
uncertainty for our measured transitions, 50 kHz for literature values that did not specify an
uncertainty, and 25 kHz for transitions reported by Guarnieri et al.33280 | east-squares fitting
output files are provided in the supplementary material.

In this study, we measured and assigned the rotational spectrum from 130 GHz to 750 GHz
for the primary (Fig. 5.3) and deuterium-substituted ketene isotopologues, including their heavy-
atom isotopologues, C and 80. All Y’O-substituted isotopologues, including new detection of
[2-2H, 17O]-ketene and [2,2-?H, ’O]-ketene, were measured from 230 GHz to 500 GHz. The
reduced frequency coverage is due to lower signal-to-noise ratios (S/N) for the hardware
configurations outside that range. Transitions of [1,2-*C]-ketene could not be measured or
assigned due to the proximity of its transitions to those of [2-13C]-ketene and the inherently lower
S/N for an isotopologue approximately 0.0121% the intensity of the main isotopologue. Thus, we
were unable to improve upon the spectroscopic constants presented by Guarnieri.® Due to the
planarity condition, each isotopologue provides two independent moments of inertia. With 16
isotopologues used for the new structure determination, an re°F structure for ketene was obtained

by using 32 independent moments of inertia.
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FIG. 5.3. Ketene structure with principal inertial axes and standard carbon atom numbering.
Computational Methods

Calculations were carried out using a development version of CFOUR.%® The ketene
structure was first optimized at the CCSD(T)/cc-pCVTZ level of theory. The optimized geometry
and the same level of theory was subsequently used for an anharmonic, second-order vibrational
perturbation theory (VPT2) calculation, wherein cubic force constants are evaluated using
analytical second derivatives at displaced points.’”-% Magnetic property calculations were
performed for each isotopologue to obtain the electron-mass corrections to the corresponding
rotational constants. The “best theoretical estimate” (BTE), as described previously, is based on a
CCSD(T)/cc-pCV6Z optimized structure with four additional corrections’®®® that address the

following:

1. Residual basis set effects beyond cc-pCV6Z.
2. Residual electron correlation effects beyond the CCSD(T) treatment.
3. Effects of scalar (mass-velocity and Darwin) relativistic effects.

4. The fixed-nucleus approximation via the diagonal Born-Oppenheimer correction.
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Equations used to calculate these corrections and the values of each of these corrections for ketene
are provided in the supplementary material (S7 — S13 and Table S-V). One of the most important
factors of the algorithm used to determine the BTE is the estimation of residual basis set effects,
specifically estimated as the difference between the (directly computed) cc-pCV6Z geometry at
the CCSD(T) level of theory and the estimate of the CCSD(T) geometry at the basis set limit.

Following others, %

the latter is estimated by assuming an exponential convergence pattern with
respect to the highest angular momentum basis functions present in the basis. A complete
explanation of the BTE calculation is provided in the Supplementary Material.

The xrefit module of CFOUR calculates the moments of inertia and semi-experimental
equilibrium structure using the experimental, S-reduced rotational constants and computational
electron-mass distribution and vibration-rotation corrections.  Xrefiteration®? was used to
determine the suitability of the ketene isotopologues for the structure determination. The routine
begins by determining a structure using a single isotopic substitution at each position and then
sequentially adds the most uncertainty-minimizing isotopologue to the structural least-squares fit

until all available isotopologues are incorporated.

Computational output files are provided in the Supplementary Material.

Synthesis of Ketene Isotopologues

Ketene was synthesized by pyrolysis of acetone (HPLC grade, Sigma-Aldrich) at
atmospheric pressure using a lamp described by Williams and Hurd,'°* and collected in a -130 °C
cold trap (Scheme 5.2a). After collection, the cold trap was isolated and placed under vacuum to
remove volatile impurities; ketene was then transferred to a stainless-steel cold trap for
spectroscopic investigation. A mixed deuterio/protio-solution of acetone-dyx was produced by a

procedure modified from Paulsen and Cooke,'%? using acetone, D20, and lithium deuteroxide
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(LiOD). The reaction mixture was distilled, yielding approximately 50% deuterium-enriched
acetone. Pyrolysis and purification of this mixture produced ketene, [2-2H]-ketene, and [2,2-2H]-
ketene (Scheme 5.2b). An independent sample of [2,2-2H]-ketene (Scheme 5.2c) with high

deuterium incorporation was generated by pyrolysis of acetone-ds (99.5%, Oakwood Chemical).

@ 9 ;
Co C
HoC” CHy —2 = i
H™H
(b) Q Q Q Q
H,D,C” “CH,D,—>— i X i
x+y=a+b=3 HH H D DD
(c) 0 0
D,C” CDy —2 = i
D”D

Scheme 5.2. Ketene isotopologue synthesis scheme: (a) ketene-h by pyrolysis of acetone-hs, (b)
mixture of ketene isotopologues by pyrolysis of 50% deuterium-enriched acetone, (c) ketene-d
by pyrolysis of acetone-de.

Analysis of Rotational Spectra

The rotational spectrum of ketene is dominated by 2Ro1 transitions, but a select few low-
intensity 2Qo,-1 transitions were observable in the lower frequency range. Ketene has an a-axis
dipole, pa = 1.414 (10) D® and is extremely close to a prolate top (x = —0.997 for the main
isotopologue, Eqgn. 1), which can result in a breakdown of the A-reduction least-squares fit (1"

representation) of the Hamiltonian.

2B—-A-C
= () @
The A-reduction breakdown for molecules that approach a spherical top, a prolate top (in the 1"
representation), or an oblate top (in the 111" representation) have been discussed previously.8+10-

108 (The output files of least-squares fitting for each isotopologue to sextic, A- and S-reduction

Hamiltonians in the 1" representation are provided in the Supplementary Material.) For ketene, the
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experimental and computed A-reduction spectroscopic constants do not appear to display the
unreasonably large K-dependent centrifugal distortion constants that have been noted in other
cases Where the A reduction breaks down. There is, however, a significant difference between the
A- and S-reduction determinable constants (Eqns. S1 — S6 in the Supplementary Material) from
the least-squares fits in the A and S reductions. The x values for the ketene isotopologues vary
from —0.9915 ([2,2-2H]-ketene) to —0.9975 ([*80]-ketene). The greatest discrepancies in the
determinable constants occur for the Ao constant of the isotopologues with the greatest x values,
[80O]-ketene and ['O]-ketene. Fig. 5.4 presents the differences in the determinable constants
(nominal B” values) in the A and S reductions as a function of . While the trend does not show
a clearly defined behavior, the variability in A¢” increases as « approaches the prolate-top limit
(—1.000). Additionally, in each case, the A-reduction fits have a larger statistical uncertainty than
the S-reduction fits. Doose et al.’® observed similar issues with [2,2-?H]-ketene (x = —0.9915),
including high uncertainties and high correlations for some parameters when only pure rotational
transitions were used in the least-squares fit. For these reasons, only the S-reduction spectroscopic
constants are presented in the main text of this work and used in the re5E structure determination.

The S-reduction spectroscopic constants for all ketene isotopologues are presented in Table 5.2.
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on the plot. Note the increase in scatter and the deviation from zero as x approaches the prolate
limit of -1.000.



TABLE 5.2. Experimental and computational spectroscopic constants for ketene (S-reduced Hamiltonian, I" representation) and experimental
spectroscopic constants for several isotopologues in the ground vibrational state.

normal isotopologue [1-2°C] [2-1*C] [*¥0]
Guarnieri et al. 2003 # CCSD(T) " Current Work
Ao (MHz) 282032 (22) 281680 282121.6 (18) 282104.2 (25) 282108.1 (26) 282142.0 (40)
Bo (MHz2) 10293.31963 (81) 10234 10293.31894 (24) 10293.62959 (44) 9960.97788 (37) 9761.23701 (38)
Co (MHz) 9915.90393 (80) 9861 9915.90304 (24) 9916.21087 (44) 9607.13942 (35) 9421.12472 (37)
D, (kHz) 3.2804 (18) 3.15 3.28123 (30) 3.27963 (49) 3.09008 (35) 2.94928 (14)
D (kHz) 478.27 (11) 477 477.384 (31) 476.701 (43) 451.182 (36) 434.455 (47)
Dk (kHz) [22840] © 20700 [20700] ¢ [20700] ¢ [20700] [20700] ¢
ds (kHz) —0.14757 (84) -0.125 ~0.147726 (11) ~0.147875 (96) ~0.132961 (89) ~0.12548 (11)
d, (kHz) ~0.05621 (51) ~0.0433 ~0.055755 (57) ~0.05596 (11) ~0.04928 (11) ~0.04547 (17)
H, (Hz) [-0.00204] © —0.000466 —0.00125 (13) —0.00111 (21) —0.00110 (14) [-0.0003194]
Hik (Hz) 2.27 (21) 2.80 2.9142 (89) 2.976 (13) 2.5876 (91) 2.495 (13)
Hks (Hz) ~526.2 (45) 711 —647.7 (11) —673.7 (15) ~603.0 (13) —614.2 (17)
Hk (Hz) [5230] © 5890 [5890] ¢ [5930] ¢ [5850] ¢ [5850] ¢
hy (Hz) 0.0000264 [0.0000264] ¢ [0.0000259] ¢ [0.0000237] ¢ [0.000025] ¢
hz (Hz) 0.000442 [0.000442] ¢ [0.000444] ¢ [0.000369] [0.000339] ¢
hs (Hz) 0.0000724 [0.0000724] ¢ [0.000073] ¢ [0.0000595] ¢ [0.0000544] ¢
Lk (mHz) —21.3 (46)
Likk (mHz) 3475 (59)
Niines © 156 307f 209 230 189
o (MHz) 0.040 0.037 0.048 0.041 0.041

2 Constants as reported in Ref. 0 ° B, values obtained from Eqn. (2) using the computed values for B, [CCSD(T))/cc-pCV6Z], vibration—rotation interaction, and electron-mass
distribution [both evaluated using CCSD(T)/cc-pCVTZ]. Distortion constants computed using CCSD(T)/cc-pCVTZ. ©Constant held fixed to value in Ref. % as stated by Ref .

d Constant held fixed at the CCSD(T)/cc-pCVTZ value. ¢ Number of independent transitions. fTransitions reported by Brown et al.?8, Johnson et al.?5, and Guarnieri et al.®® are
included in the least-squares fit. See Supplementary Material for transitions used from previous works for non-standard isotopologues.
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TABLE 5.2 (Continued).

experimental spectroscopic constants for several isotopologues in the ground vibrational state.

Experimental and computational spectroscopic constants for ketene (S-reduced Hamiltonian, I representation) and

[YO] [1,2-3C] [2-H] [2-2H, 1-*C] [2-2H, 2-*C] [2-H, 8Q]
Ao (MHz) 282175 (13) 282031 (22) 194292.2 (13) 194256.1 (23) 193984.2 (26) 194243.2 (31)
Bo (MH2z) 10013.4722 (14) 9960.8650 (25) 9647.06533 (21) 9646.68707 (65) 9373.43143 (63) 9145.12930 (76)
Co (MHz) 9655.9096 (13) 9607.0550 (27) 9174.64351 (20) 9174.26089 (64) 8926.17792 (60) 8719.33331 (72)
D; (kHz) 3.09997 (63) 3.0881 (21) 3.00461 (37) 3.00529 (64) 2.82755 (61) 2.69945 (58)
Dik (kHz) 454.371 (92) 451.12 (11) 328.426 (25) 327.242 (41) 315.948 (35) 297.756 (44)
Dk (kHz) [20700] ¢ [22840] © 17400 (674) 15380 (1098) 17090. (1276) 16760. (1576)
d: (kHz) —0.13467 (76) —0.1331 (27) —0.226195 (49) —0.22686 (15) —0.20328 (16) —0.19148 (17)
dz (kHz) —0.04845 (60) —0.0509 (11) —0.08410 (15) —0.08375 (26) —0.07565 (27) —0.06877 (30)
H, (Hz) [-0.00384] ¢ [-0.00204] © —0.001380 (80) —0.00104 (15) —0.00103 (12) [-0.0001117] ¢
Hik (Hz) 2.561 (89) 2.07 (23) 2.2843 (67) 2.316 (11) 2.0655 (83) 1.948 (11)
Hks (Hz) —635.8 (33) —506.9 (42) —254.39 (89) —264.6 (15) —240.3 (13) —238.6 (15)
Hk (Hz) [5870] ¢ [5230] ¢ [4070] ¢ [3970] ¢ [4060] ¢ [4040] ¢
h1 (Hz) [0.0000258] ¢ [0.000194] ¢ [0.000195] ¢ [0.000161] ¢ [0.000165] ¢
h, (Hz) [0.000385] ¢ 0.000782 (35) [0.000767] ¢ [0.000653] ¢ [0.000586] ¢
hs (Hz) [0.0000624] ¢ [0.000139] ¢ [0.000140] ¢ [0.000118] ¢ [0.000105] ¢
Lk (mHz) 18.7 (47)
Likx (MHZ2) —3545 (53)
Niines © 94 86 344 204 240 171
c (MHz) 0.046 0.030 0.034 0.043 0.042 0.047

3 Constants as reported in Ref. € ° B, values obtained from Eqn. (2) using the computed values for B, [CCSD(T))/cc-pCV6Z], vibration—rotation interaction, and electron-mass

distribution [both evaluated using CCSD(T)/cc-pCVTZ]. Distortion constants computed using CCSD(T)/cc-pCVTZ. ©Constant held fixed to value in Ref. * as stated by Ref .

d Constant held fixed at the CCSD(T)/cc-pCVTZ value. ¢ Number of independent transitions. fTransitions reported by Brown et al.?8, Johnson et al.?5, and Guarnieri et al.®® are

included in the least-squares fit. See Supplementary Material for transitions used from previous works for non-standard isotopologues.
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TABLE 5.2 (Continued).

Experimental and computational spectroscopic constants for ketene (S-reduced Hamiltonian, I'
representation) and experimental spectroscopic constants for several isotopologues in the ground vibrational state.

[2-2H, V0] [2,2-2H] [2,2-2H, 1-3C] [2,2-2H, 2-3C] [2,2-2H, 0] [2,2-2H, 170]

Ao (MHz)  194260.6 (27) 141490.38 (28) 141484.52 (67) 141483.16 (65) 141489.40 (85) 141490.0(10)
Bo (MHz) 9383.1715 (13) 9120.83067 (17) 9119.42658 (65) 8890.47351 (67) 8641.83891 (56) 8869.0621(17)
Co (MH2) 8935.5431 (13) 8552.69981 (16) 8551.48444 (71) 8349.84131 (61) 8130.05311 (54) 8330.8819(13)
D; (kHz) 2.84576 (51) 2.48404 (19) 2.48496 (48) 2.35860 (38) 2.23474 (43) 2.35569(55)
Dik (KHz) 312.295 (66) 322.962 (21) 321.967 (38) 310.142 (37) 294.046 (43) 307.799(76)
D« (kHz) 15140 (840) 5645 (100) 5327 (225) 5373 (209) 5470 (359) [5000] ¢

ds (kHz) ~0.20921 (58) ~0.220132 (37) ~0.22025 (14) ~0.20100 (12) ~0.18676 (15) ~0.20448(71)
d» (kHz) ~0.07596 (29) ~0.114212 (87) ~0.11415 (31) ~0.10309 (28) ~0.09366 (32) ~0.10311(28)
H; (Hz) [0.0000211]¢ ~0.001690 (47) ~0.00163 (12) ~0.001558 (95) ~0.001436 (96) [-0.000862]¢
Hik (Hz) 2.162 (37) 2.0775 (46) 2.0798 (93) 1.8954 (93) 1.690 (12) 2.001(43)
Hx, (Hz) ~243.1 (22) ~127.50 (80) ~138.4 (14) ~124.0 (14) ~129.4 (15) ~129.1(27)

Hk (Hz) [4050] ¢ [787]¢ [793] ¢ [781] ¢ [781] ¢ [784] ¢

hy (Hz) [0.000178] ¢ [-0.0000144] ¢ [-0.0000146] ¢ [-0.0000142] ¢ [-0.000002] ¢ [-0.00000730] ¢

hz (Hz) [0.000568] ¢ 0.001030 (30) 0.00119 (12) 0.00066 (11) 0.000700 (97) [0.000752] ¢

hs (Hz) [0.000120] ¢ [0.000208] ¢ [0.000208] ¢ [0.000180] ¢ [0.000156] ¢ [0.000179] ¢

Niines © 107 403 221 218 166 88

5 (MHz) 0.040 0.032 0.046 0.045 0.042 0.046

aConstants as reported in Ref. © By values obtained from Eqn. (2) using the computed values for B [CCSD(T))/cc-pCV6Z], vibration—rotation interaction, and
electron-mass distribution [both evaluated using CCSD(T)/cc-pCVTZ]. Distortion constants computed using CCSD(T)/cc-pCVTZ. ©Constant held fixed to value
in Ref. % as stated by Ref ¢°. ¢Constant held fixed at the CCSD(T)/cc-pCVTZ value. ¢ Number of independent transitions. " Transitions reported by Brown et al.%,
Johnson et al.?, and Guarnieri et al.®° are included in the least-squares fit. See Supplementary Material for transitions used from previous works for non-standard
isotopologues.
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Table 5.2 provides the experimental spectroscopic constants in the S reduction, I
representation for all 16 ketene isotopologues used in the semi-experimental equilibrium structure
determination. The [1,2-13C]-ketene spectroscopic constants provided in Table 5.2 are those
reported by Guarnieri et al.*? due to the inability to measure this isotopologue in this work. Table
5.2 includes, for the normal isotopologue, the previously determined spectroscopic constants by
Guarnieri et al.®° and the computed constants [CCSD(T)/cc-pCV6Z] for comparison to the
experimental values determined in this work. The CCSD(T) values for all other isotopologues can
be found in the Supplementary Material. Experimental rotational constants Bo and Co determined
by Guarnieri et al.®® are in exceptional agreement with this work, but Ao is not in such good
agreement. The computed rotational constants are in good agreement with the experimentally
determined ones previously reported, with the largest discrepancy being in Bo (0.58%).
Centrifugal distortion constants determined by Guarnieri et al.®° are also in great agreement with
those determined here with the largest difference in d> (0.81%). Neither work was able to
determine Dk, but Guarnieri et al. used the previously determined value from Johns et al.,* while
the present work used the CCSD(T) value. The CCSD(T) value was utilized to maintain a
consistent treatment with the sextic centrifugal distortion constants, which were also held fixed at
the CCSD(T) values since experimental values are not available. The CCSD(T) values for the
centrifugal distortion constants display the expected level of agreement with the experimental
values, with the largest discrepancy in dz (22%). There are only two sextic distortion constants
that were determined both in this work and by Guarnieri et al.,%® Hy and Hky, and both are in
reasonable agreement (28%). Hj was determined in this work, while it was held fixed in Guarnieri
et al.,% similar to Dk. Hx is held fixed at two different values in the two works for the same reason

as for Dk. This work held the off-diagonal sextic centrifugal distortion constants, hi, hz, and hs,
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fixed at their respective CCSD(T) values, while they were held at zero in the previous works. This
difference seemed to negate the need for the two octic centrifugal distortion constants utilized in
the previous works for the frequency range and Ka range measured in this work. The largest
relative discrepancy in the CCSD(T) sextic centrifugal distortion constants that were determined
is in Hj (63%), which is not unexpected due to it being orders of magnitude smaller than the other
constants.

The band structure for all ketene isotopologues is typical for a highly prolate molecule,
with each band corresponding to a singular J”+1 value with different K, values. The transitions
of the band structure lose Ka degeneracy for Ko = 3 for all isotopologues with the protio
isotopologues losing degeneracy in bands at higher frequencies. The current work expanded the
range of quantum numbers of the transitions assigned for ketene to include J"+1 =7 to 41 and Ka
= 0 to 5. The breadth of the transitions assigned in this work is shown in Fig. 5.5, where all
transitions newly measured are in black and previously measured transitions are in various colors
indicating their source. All ketene isotopologue least-squares fits were limited to transitions with
Ka < 5, even though transitions with higher Ka were observed. This is because a single-state,
distorted-rotor Hamiltonian was unable to provide a least-squares fit below the assumed
measurement uncertainty of 50 kHz, when incorporating transitions above Ka = 5. This failure of
the single-state least-squares fit to model all of the observable transitions is due to coupling
between the vibrational ground and excited states that has been extensively studied in the infrared
spectra of ketene and summarized in the introduction.*4-4%515254 - An analysis of the vibrational
coupling is beyond the scope of the current work. The cutoff of Ka < 5 was implemented for all
isotopologues to maintain a consistent amount of spectroscopic information. A similar procedure

was applied to previous works with HNs which also has a ground state coupled to the low-energy
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fundamental states''® and was shown to provide an r°E structure with complete consistency with
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FIG. 5.5. Data distribution plot for the least-squares fit of spectroscopic data for the vibrational
ground state of ketene. The size of the outlined circle is proportional to the value of |(fobs. — fcaic.)/0f],
where of is the frequency measurement uncertainty. The transitions are color coordinated as
follows: Current work (black), Brown et al.?®® (purple), Johnson et al.?® (blue), Guarnieri et
al.®(green). Transitions from previous works that overlapped with current measurements were
omitted from the data set.

The heavy-atom isotopologues of ketene were observed at natural abundance from the
synthesized protio sample of ketene, and only ?Ro 1 transitions could be observed and measured.
The [2-2H]-ketene and [2,2-2H]-ketene isotopologues were the only other isotopologues where
Qo1 transitions could be measured. The [2-2H]-ketene isotopologue has a small predicted b-
dipole moment, u, = 0.048 D, but no b-type transitions were sufficiently intense to be observed in
our spectrum. All of the heavy-atom isotopologues for [2-2H]-ketene and [2,2-2H]-ketene were

observable at natural abundance from their deuterium-enriched samples. For the previously

observed isotopologues, the published spectroscopic constants were used as predictions for the
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spectral region measured in this work. Once rotational constants were obtained for several known
isotopologues, a preliminary semi-experimental equilibrium structure was obtained, which
provided very accurate equilibrium rotational constants for new isotopologues. Along with
CCSD(T) vibrational and electronic corrections and centrifugal distortion constants, the predicted
rotational constants were used to assign transitions for the previously unidentified isotopologues:
[2-2H, 1-13C]-ketene, [2-2H, 2-3C]-ketene, [2-°H, 80]-ketene, [2-2H, 'O]-ketene, and [2,2-H,
170]-ketene. This technique greatly expedited the search for these transitions, as the CCSD(T)/cc-
pCVTZ rotational constants predictions were not accurate enough to easily identify and assign the
transitions. All heavy-atom isotopologue transitions measured from 500 GHz to 750 GHz and all
three 170 isotopologues measured from 230 GHz to 500 GHz required 20 scans per transition due
to low S/N. These low S/N transitions were collected by acquiring 10 MHz windows around each
predicted transition. Despite the various isotopologue substitutions, the spectral pattern (Fig. 5.6)
of ketene was relatively consistent due to the highly prolate nature of the molecule.

The rotational spectra of three separate ketene samples are shown in Fig. 5.6, where (a)
corresponds to the protio isotopologue from 420 GHz to 434 GHz, (b) corresponds to the [2-2H]-
ketene isotopologue from 420 GHz to 434 GHz, and (c) corresponds to the [2,2-2H]-ketene
isotopologue from 411 GHz to 425 GHz along with their respective heavy-atom isotopologues.
The rotational spectrum of ketene is sparse with of bands of R-branch transitions with constant J
values, separated by ~ 16 GHz or ~2C, allowing for the assignment of multiple isotopologues
within one sample spectrum. Thus, there was little issue with transitions overlapping, which would
cause a poor determination of the transition frequencies. Each spectrum contains unassigned

transitions belonging to excited vibrational states of ketene isotopologues, as demonstrated in Fig.



5.6. Data distribution plots for the isotopologues, showing the

observed, are provided in the supplementary material.
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breadth of quantum numbers

FIG. 5.6. (a) Stick spectra predicted from experimental spectroscopic constants from 420.0 to
434.0 GHz (top) and experimental spectrum (bottom) of the ketene and heavy-atom isotopologues.
(b) Stick spectra predicted from experimental spectroscopic constants from 420.0 to 434.0 GHz
(top) and experimental spectrum (bottom) of the [2-?H]-ketene and heavy-atom isotopologues. (c)
Stick spectra predicted from experimental spectroscopic constants from 411.0 to 425.0 GHz (top)
and experimental spectrum (bottom) of the [2,2-?H]-ketene and heavy-atom isotopologues.
Transitions belonging to vibrationally excited states are also discernible.
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Semi-experimental Equilibrium Structure (rc5F)

In contrast to several of our recent re> structure determinations,’®8 the spectroscopic

constants determined in the S reduction (B¥) were converted to equilibrium constants (B?) and
used directly in the least-squares fitting of the semi-experimental equilibrium structure without
conversion to the determinable constants. In those previous works, with the exception of [1,3-2H]-
1H-1,2,4-triazole, the A-reduction and S-reduction rotational constants for each isotopologue were
converted to the determinable constants in which the centrifugal distortion has been removed.

These determinable constants are then averaged before converting to the equilibrium constants

(Bf) for re°E structure determination. As noted previously, ketene is an extreme prolate top (x =
—0.997) with only a-type transitions, thus the A-reduction spectroscopic constants cannot be
determined as accurately as the S-reduction constants. As a result, the S-reduction specific
vibration-rotation interaction corrections determined in the CFOUR anharmonic frequency
calculation were used to obtain the equilibrium rotational constants. Thus, the centrifugal
distortion corrections used to determine the equilibrium rotational constants are the computed
rather than the experimental ones. ldeally, the spectroscopic constants would be determined in
both the A and S reductions, and each rotational constant would be converted to a determinable
constant. If the determinable constants were similar, it would give confidence that the rotational
and quartic centrifugal distortion constants were determined with sufficient accuracy to be
included in the structure determination, regardless of the size of the transition data set. A similar
problem might have arisen in the HN3 semi-experimental equilibrium structure determinations, 88
but the HN3 data set included b-type transitions, along with a-type transitions, which gave enough

spectroscopic information to successfully determine the A-reduction spectroscopic constants.
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In the current case, the S-reduction rotational constants were input to xrefit, along with
vibration-rotation interaction and electron-mass distribution corrections predicted at the
CCSD(T)/cc-pCVTZ level of theory. The xrefit module uses the values to calculate the

equilibrium rotational constants (Be) using Eq. (2), where the second term contains the vibration-

e

rotation interaction correction, Z— is the electron-proton mass ratio, BY is the S-reduction
p

rotational constant, and g is the corresponding magnetic g-tensor component.
1
BY = BI® 4 Zza" ——gﬁﬁBﬁ 2)
i

These calculated equilibrium rotational constants are then used to calculate the inertial defect (),
which is precisely zero for a rigid, planar molecule. For ketene, without either computational
correction, the observed inertial defect Aio is approximately 0.09 uA? (Table 5.3). Including the
vibration-rotation interaction correction decreases the inertial defect to approximately 0.004 uA?,
while the inclusion of the electron-mass correction brings the inertial defect to slightly larger than
0.004 uA2? (Table 5.3) in a similar manner to HN3.83 These two molecules stand in contrast to the
trend observed for heterocyclic molecules,®821! where the vibration-rotation interaction
correction results in a small negative value of 4ie and subsequent application of the electron-mass
correction brings the magnitude of ;e close to zero.”®82111 The similar inertial defect trend to HN;
is likely due to the nature of the C—C—O backbone, where the electron mass is more-or-less

cylindrically distributed in the combined in-plane and out-of-plane © orbitals.
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TABLE 5.3. Inertial defects (4i) and second moments (Pnb) of ketene isotopologues.

Isotopologue dio UA?)?  Aie UA?) P Aie UAD A Ppy (UA?) SY Pyp / my (A%) €
H.CCO 0.0774 0.0035 0.0041 1.782 76 1.768 92
[1-¥*C]-H.CCO 0.0772 0.0035 0.0040 1.782 77 1.768 93
[2-13C]-H.CCO 0.0772 0.0035 0.0041 1.782 75 1.768 91
[*®0]-H.CCO 0.0779 0.0036 0.0042 1.782 70 1.768 86
[''0]-H.CCO 0.0779 0.0038 0.0044 1.782 59 1.768 75
[1,2-13C]-H.CCO 0.0766 0.0031 0.0037 1.782 95 1.769 11
[2,2-2H]-H.CCO  0.1089 0.0036 0.0042 3.561 73 1.768 40
[2,2-°H, 2-13C]-H,CCO 0.1086 0.0036 0.0042 3.561 74 1.768 40
[2,2-2H, 1-13C]-H,CCO 0.1086 0.0036 0.0042 3.561 74 1.768 40
[2,2-°H, $80]-H.CCO 0.1095 0.0036 0.0042 3.56175 1.768 40
[2,2-2H, 170]-H,CCO  0.1093 0.0037 0.0043 3.561 77 1.768 42
[2-2H]-H.CCO  0.0964 0.0037 0.0043 2.594 89
[2-2H, 2-C]-H,CCO 0.0963 0.0037 0.0043 2.598 82
[2-2H, 1-13C]-H.CCO  0.0961 0.0036 0.0042 2.595 32
[2-2H, 80]-H.CCO 0.0969 0.0037 0.0043 2.595 58
[2-2H, Y"0]-H.CCO 0.0966 0.0036 0.0042 2.595 31
average 0.0918 0.0036 0.0042
std dev 0.0132 0.0001 0.0001

afi=lc—la—lp=-2P¢

b Vibration-rotation interaction corrections only.

¢ Vibration-rotation interaction and electron-mass corrections.
4 Py = (lb=1la=1c) =2

¢ my = 1.007825035 for *H or 2.014101779 for 2H

The semi-experimental equilibrium structure parameters of ketene obtained from 16
isotopologues are depicted in Fig. 5.7 and enumerated in Table 5.4. The 2o statistical uncertainties
of the bond distances are all < 0.0007 A, and the corresponding uncertainty in the bond angle is
0.014°. Overall, the precision and accuracy of the structural parameters are similar to those of
HN3® when comparing the re>F calculated at the same level of theory. The 2o statistical
uncertainties of heavy-atom bond lengths are nearly identical for HNs and ketene (0.000 74 for

N1-N2; 0.000 75 for N2—N3; 0.0007 for both C1-C2 and C1-0). The 2o statistical uncertainty
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for the respective X—H bond is also quite similar (0.000 3 for HNz and 0.000 2 for ketene). More
generally, the bond length accuracy of the re° of ketene is similar to our other works including
heterocyclic molecules’®82!! and is of the same order of magnitude for the accuracy in the angles,
with that in ketene being more accurately determined. This improvement in accuracy is largely
due to having 8% more independent moments of inertia than structural parameters (three bond
lengths and one angle) for ketene. Included in Table 5.4 is the recommended presentation of the
re°F structural parameters that has taken into account the limits of precision in their determination

(vide infra).



TABLE 5.4. Equilibrium structural parameters of ketene.

rSE ab reSE ac reSE reSE CCSD(T) CCSD(T)/
East et al.>’ Guarnieri et al.®®8  this work recommended BTE cc-pCV6Z
rcc (A) 1.312 12 (60) 1.312 2 (12) 1.312 18 (69) 1.312 2 (7) 1.312 58 1.312 00
ren (A) 1.075 76 (14) 1.076 3 (2) 1.075 93 (16) 1.0759 (2) 1.075 89 1.075 65
rco(A) 1.160 30 (58) 1.160 7 (12) 1.160 64 (66) 1.160 6 (7) 1.160 97 1.160 07
Gccr(®) 119.110 (12) 119.115 (22) 119.086 (14) 119.086 (14) 119.077 119.067
Niso @ 6 11 16 16

2 26 uncertainties calculated based off of uncertainty presented in each work.

b Vibration-rotation corrections calculated at a mixed MP2 and CCSD(T) level.

¢ Vibration-rotation and electron-mass corrections calculated at the MP2/cc-pVTZ level.
4 Number of isotopologues used in the structure determination.

1.1606 (7)

1.3122 (7)

119.086 (14)
1.0759 (2)

FIG. 5.7. Semi-experimental equilibrium structure (reF) of ketene with 2 statistical uncertainties from least-squares fitting of the
moments of inertia from 16 isotopologues. Distances are in Angstroms and the angle is in degrees.
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Discussion

In accordance with previous structure determinations,®®® the effect of including the
available isotopologues in the re5E structure is examined using xrefiteration.#? Figure 5.8 shows a
plot of parameter uncertainty as a function of number of incorporated isotopologues and reveals
that the total uncertainty and the uncertainty of both the bond distances and bond angle have
converged by the inclusion of the 11" isotopologue. Coincidentally, this is the same number of
isotopologues used in the re>F determination published by Guarnieri et al.®® The composition of
the set of 11 isotopologues, however, is different in each case. Guarnieri et al.>® determined the
re° with mainly protio and [2,2-2H]-ketene isotopologues, while the first 11 isotopologues utilized
by xrefiteration in the current work include a mix of protio, [2-2H]-ketene, and [2,2-?H]-ketene
isotopologues. The addition of the five other isotopologues beyond the 11" neither decreases nor
increases the total uncertainty, which is similar to the situation observed with HN3® but unlike the
cases of thiophene® and 1H- and 2H-1,2,3-triazole,® where the statistical uncertainty increases
with the inclusion of the final isotopologues. Figure 5.9 shows the structural parameter values and
their uncertainties as a function of number of ketene isotopologues, added in the same order as in
Fig. 5.8. It is evident that the structural parameters are well-determined with the core set of
isotopologues, because they agree with the respective BTE values. The addition of further
isotopologues, however, decreases the 26 uncertainties for all parameters until the addition of the
eleventh isotopologue, similar to Fig. 5.8. The rc_c and rc_o bond lengths of the current re>E are
both smaller than the respective BTE values (by 0.0003 and 0.0004 A, respectively), while there

is quite close agreement between the rc_n bond lengths (rec 1 - re>fc 1 = 0.000 04 A). The value

of the bond angle, & c -, is slightly larger (0.009°) than the BTE value. Both heavy-atom bond

distances of the re BTE structure are too large (Fig. 5.9) relative to their r.5F parameters, and the
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observed residuals are very similar to those we observed in HN3,2% 0.000 35 A for the central rnz
n2 bond and 0.000 41 A for the terminal rni-nz bond. In the structural least-squares fitting from
rotational constants, the most difficult atom to locate is the heavy atom nearest the center of mass,
but an error in its location would tend to make one heavy-atom distance too long and one too short,
contrary to the observations in ketene and HNs. This may suggest that these residual discrepancies,
which are not present in the distances involving H atoms, are due to some systematic shift in the

BTE distances related to the heavy atom backbone of these molecules.

0.0012
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A | e Angles 5 Core set
' 6 [2-°H, *0]
7 [2-2H, 2-13C]
0.0008 F 8 [1!2_13(:]
9 [Z’Z'ZHs 2'13C]
)
“s0.0006 - 10 [2,2-H, 1*0]
© 11 I'"0]
12 I272'2H7 I'IJCI
0.0004 F
13 [2-H, 70|
14 [Z,Z-ZH, ”O]
0.0002 F o 15 [Z,Z—ZH]
T o 2 _13
Sl S NP 16 [2-2H, 1-13C]
[ T NN N TR N N NN N B

5 6 7 8 9 10 11 12 13 14 15 16
Number of Isotopologues (Ni,)
FIG. 5.8. Plot of ret Uncertainty (67:°F) as a function of the number of isotopologues (Niso)
incorporated into the structure determination data set for ketene. The total relative statistical
uncertainty (ore°F, blue squares), the relative statistical uncertainty in the bond distances (green
triangles), and the relative statistical uncertainty in the angle (purple circles) are presented.
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FIG. 5.9. Plots of the structural parameters of ketene as a function of the number of isotopologues
(Niso) and their 2c uncertainties. Distance plots use consistent scales. Colored dashed lines
indicate the BTE value. The table in Fig. 5.8 indicates the x™ isotopologue added to the r.SE.

A graphical representation of all the structural parameters for the current re>E, the re>€ by
East et al.,>" the re°F by Guarnieri et al.,*® the BTE, and various coupled-cluster calculations with
different basis sets is shown in Fig. 5.10. Upon cursory inspection, it seems there is excellent
agreement among all of the structural parameters of the three re5 structures (Table 5.4 and Fig.
5.10), and all are quoted to similar precision. Because separate sets of discrepancies are involved
with respect to the two previous reSE structure determinations, we will discuss them separately.
The heavy-atom distances from Guarnieri et al.>® are essentially the same as our own, although
with slightly larger 2o uncertainties due to the smaller data set compared to the present work, and
BTE results for both parameters easily fall within the quoted 2c limit. The agreement for the two
parameters involving the hydrogen-atom position is not quite as good. The rc.n bond distance
from Guarnieri et al.%® is in disagreement with our value to slightly more than the combined 2o
error estimates, and the BTE value falls well outside their 2c error range. The angle, &.cH, IS

indeed in agreement with our value within the combined estimated 2c error limits, but the BTE

value of this parameter falls significantly outside their 2c error range. We believe the reason for
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these discrepancies is due to the impact of untreated coupling between vibrational states impacting
the rotational constants. It is known that the ground state of ketene at high Ka values is affected
by perturbations from low-lying vibrational states. We have chosen to employ only measurements
for Ka = 0—5, which removed this problem. Guarnieri et al.,*® however, used higher Ka transitions
in their least-squares fits, which required the inclusion of higher-order centrifugal distortion terms,
Lik and Lykk. These effective parameters distort the determined values of Ag from the regression
analysis, which may affect the structural parameters. We tested our conjecture by using our
rotational constants for the set of isotopologues used by Guarnieri et al.>® and found the resultant
structure in essentially complete agreement with our own reE structure (Table 5.4), which is
consistent with the analysis of the structure shown in Fig. 5.9. This indicates that the five
additional isotopologues that we measured and included were not required to achieve this

improved accuracy.
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The situation with respect to the re>E structure from East et al.%” is more straightforward.
The bond distances and angles reported by East et al.> are in complete agreement with the current

r.°E values. This is somewhat surprising, given that the rotational constants are substantially less

precise than the values determined in the present work and that the Ao constant of [*®0]-ketene
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used by East et al.>” and determined experimentally by Brown et al.,?® 287350 (910) MHz, is
clearly too large by about 5 GHz. The values of Ao for all heavy-atom isotopologues should be
nearly the same, because they depend only on the distance of the hydrogen atoms from the a-axis.
This is confirmed by the data in Table 5.2. The remaining rotational constants used by East et
al.®" are all similar to those in the present work. We obtained an r°E structure using the rotational
constants and vibration-rotation interaction corrections presented in Table XIV of the East et al.>’
work and obtained a structure very closely resembling the one presented in that work for all
parameters. This is also an interesting outcome as the vibration-rotation interaction corrections
used in that work are clearly inadequate, as evidenced by the residual inertial defects presented in
their Table XIV®’ that vary in sign and order of magnitude across the six isotopologues. Despite
the inadequacy of the vibration-rotation interaction corrections, the re° structure of East et al.>’ is
in excellent agreement with the new re>5, but not quite in agreement with the é c v value from
the re BTE structure. These analyses are provided in the Supplementary Material and summarized
in Table S-V and Table S-VI.

The re5E structure presented in this work, like the previously reported structures,®”*8 suffers
from the impact of untreated Coriolis coupling between its ground state and its vibrationally
excited states. Despite this limitation, the 2o statistical uncertainties for the bond distances and
bond angles are quite small (0.000 2 to 0.000 7 A for the bond distances and 0.014° for the bond
angle). For the bond distances, this statistical uncertainty is approaching the limit of the rSt
structure determination, which requires the assumption that there is one mass-independent
equilibrium geometry. The mass-independence of equilibrium structures is a tacitly accepted
assumption of molecular structure determination by rotational spectroscopy that is no longer valid

as the limits of accuracy and precision are extended, especially for parameters involving hydrogen
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atoms. As a simple test of this assumption, optimized geometries were obtained for ketene and
[2,2-2H]-ketene with and without the diagonal Born-Oppenheimer correction (DBOC; SCF with
the aug-cc-pCVTZ basis set). Of course, the re structure obtained from the normal optimization
without the DBOC resulted in the same equilibrium geometry for both isotopologues. With the
DBOC, however, the equilibrium C-D distance decreased relative to the C—H distance by 0.000
06 A. This value, which is similar to that obtained for benzene,® suggests that the limit and
trustworthiness of the re>E structure for ketene and other C—H containing re5F structures is on the
order of 0.000 1 A or half of the 2o statistical uncertainty of the reS C—H distance in this work.
As a result, we recommend that the structure of ketene be regarded as rc c = 1.3122 (2) A, rc 1 =
1.0759 (2) A, rc.0 = 1.1606 (7) A, and & c + = 119.086 (14)°, as shown in Table 5.4.

The C2y symmetry of ketene-hz and ketene-d: allows for two independent confirmations of
the quality of the spectroscopic analysis and computational corrections, Pp, and Adie. The Aie for a
planar molecule is zero, as no nuclear mass exists off of the molecular plane. Any residual inertial
defect after correction of the rotational constants for the vibration-rotation interaction and the
electronic mass distribution potentially reveals room for improvements in the rotational constants
or computational corrections. While all of the residual 4ie values are quite small (Table 5.3), their
non-zero values demonstrate that further corrections may be possible. Their scatter reveals an
interesting mass dependence. The ketene-d1 and ketene-dz isotopologues have nearly identical
inertial defects to four decimal places (0.004 2 or 0.004 3 uA?), while the ketene-h; isotopologues
have an average value of (0.004 2 uA?) and range from 0.003 7 to 0.004 4 uAZ. To probe this mass
dependence, we determined the Py (second moments) value!'? for each isotopologue (Table 5.3),
after computational corrections were applied to the rotational constants. To the extent that there

is a single, mass-independent equilibrium geometry of ketene, the Py, value, corrected for the mass
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of the hydrogen or deuterium atom in the Coy isotopologues (ketene-h, and ketene-d>), should be
the same for all isotopologues because it is only dependent on the location of the H atoms with
respect to the perpendicular mirror plane. Also shown in Table 5.3, the Pw/my values are
practically identical for all of the ketene-d isotopologues (1.7684 A?). The Ppy/my values for the
protio ketene isotopologues show an increased scatter ranging from 1.7687 to 1.7691 A? but have
a higher average value as well (1.7689 A?). While these differences are small, their clear mass
dependence leads us to conclude that we have not completely removed the impact of untreated
Coriolis coupling from the rotational constants. The larger mass of ?H compared to *H reduces
the Ao rotational constant by roughly a factor of two for the deuterium-containing isotopologues.
The a-axis Coriolis ¢ is unchanged between isotopologues, but the a-axis Coriolis coupling
constants scale with the magnitude of the Ao rotational constant. It is expected, therefore, that the
protio ketenes would be subject to a slightly greater impact of untreated Coriolis coupling, which
is consistent with this observation. The great constancy of the Pwn/mp values across all the [2,2-
2H]-ketene isotopologues (vide supra) leads us to believe that the corresponding b-coordinate of
the 2H-atom (0.940 32 A, determined by Eqn. 3) is one of the most reliably determined structural

parameters of ketene.

Py

by = Py (3)
my

This assertion is supported by a comparison to its corresponding values calculated from the internal
coordinates in Table 5.4: re> = 0.940 25 A, re6Z = 0.940 17 A, and re BTE = 0.940 29 A. The
very small difference from the BTE value (0.000 03 A) is particularly notable and satisfying. The

corresponding value for the b-coordinate of the *H-atom in ketene is 0.940 45 A, which is slightly
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larger due to some combination of the true isotopic difference in the rc_n and rc_p equilibrium

bond distances and the increased untreated Coriolis coupling in the protioketene isotopologues.

Conclusion

A new, highly precise, and accurate semi-experimental equilibrium (re5%) structure for
ketene (H.C=C=0) has been determined from the rotational spectra of 16 isotopologues. The 2c
values for the re5E structure of ketene, and also the discrepancies between the Best Theoretical
Estimate (BTE) and the r5E structural parameters, are strikingly similar to those for the previous
re°E structure of hydrazoic acid (HNNN).8 This outcome is noteworthy, although perhaps not
surprising, given i) the structural similarity between the two species, and ii) the highly over-
determined data sets, which are a consequence of the large number of isotopologues relative to the
number of structural parameters. In both cases, we found that extrapolation to the complete basis
set limit provided slightly better agreement with the reE structure when the highest level
calculation included in the extrapolation was CCSD(T)/cc-pCV6Z, as opposed to CCSD(T)/cc-
pCV5Z. It is somewhat surprising that the high accuracy of the ketene structure did not require
the full dataset from 16 isotopologues. The uncertainties in the structural parameters did not
improve with the inclusion of the ‘last’ five isotopologues in the xrefiteration analysis. This case
stands in contrast to other molecules that we have studied in which quite large numbers of
isotopologues are required for convergence of the re5t parameters.82848  Previous studies were
steering us toward a generalization that ‘more is better’ with respect to the number of isotopologues
used in a structure determination, but the current case provides a counterexample. In the current
case, the extra isotopologues do not degrade the quality of the structure, but they do not improve

it. The current state of understanding of r.°E structure determination does not enable a prediction
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of the number of isotopologues that will be required for the statistical uncertainties of the structural
parameters to converge.

The present work confirms the great utility of the BTE structure as a benchmark for the
semi-experimental structures. Although both of the published re°E structures for ketene, to which
we have compared our own results, are generally in excellent agreement with the present work,
the comparison to the BTE structure clearly establishes that the present approach of limiting the
data set to low Ka values (0 — 5) improved the results for a molecule in which perturbations of the
ground state exist. There needs to be further investigation of why the BTE structure predicts
heavy-atom bond distances that are longer than the re>E structure, when all of the other structural
parameters agree so well. The BTE values for the heavy-atom distances do not fall outside the 2c
statistical uncertainty of the re> values, but the small differences between BTE and re°t values
have now been observed in both ketene and HN3. The general applicability to similar molecules
and the origin of the effect merit additional study.

The current studies enhance the capability for radioastronomers to search for ketene in
different extraterrestrial environments by extending the measured frequency range of ketene to
750 GHz, as well as providing data for newly measured isotopologues, [2-2H, 1-1*C]-ketene, [2-
2H, 2-13C]-ketene, [2-2H, 180]-ketene, [2-2H, '0]-ketene, and [2,2-2H, ’O]-ketene. These new
data will also be valuable for identifying these species in laboratory experiments, e.g., electric
discharge, pyrolysis, photolysis. Finally, these spectra contain a great many transitions from
vibrationally excited states, which should prove valuable in analyzing and quantifying the
numerous perturbations that exist between these low-lying vibrational states. We hope to pursue

this in the future.
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SUPPLEMENTARY MATERIAL

Computational output files, least-squares fitting for all isotopologues, data distribution
plots for all non-standard isotopologues, xrefiteration outputs, equations used for calculating
determinable constants and BTE corrections, and tables of S-reduction, A-reduction, and
determinable constants, structural parameters, inertial defects, BTE corrections, and synthetic

details are provided in the supplementary material.
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Abstract

The millimeter-wave rotational spectrum of methacrylonitrile has been collected and
analyzed from 6 GHz to 40 GHz and from 130 GHz to 500 GHz, providing highly precise
spectroscopic constants from A- and S- reduced Hamiltonians in the I" representation. The
chemical synthesis of deuteriated samples allowed for 34 isotopologues to be observed and least-
squares fit including the heavy-atoms of the protic and perdeutero species as well as every
combination of deuteriated isotopologues. The main isotopologue was least-squares fit with the
XIAM program accounting for internal rotation splitting, while all other isotopologues were fit
with a distorted rotor Hamiltonian. The spectroscopic constants from 32 isotopologues along with
vibration-rotation interaction and electron-mass distribution corrections from coupled-cluster
calculations with single, double, and perturbative triple excitations [CCSD(T)/cc-pCVTZ] allowed
for a highly precise and accurate semi-experimental (re>F) structure to be determined. Due to three

near-axis atoms, the experimental data cannot determine the precise location of those atoms. Our

analysis determined the parameter (6c2-ca-n) Was most impacted by the near-axis problem. We
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report a semi-experimental (r.°) equilibrium structure where a parameter was held fixed at a
computed value, resulting in a satisfactory structure. The 2c uncertainties of the re.° parameters
are < 0.0008 A and < 0.053° for the bond distances and angles, respectively. In total 12 of the 16
re°F structural parameters agree with the “best theoretical estimate” (BTE) values, which are
derived from a high-level computed r. structure [CCSD(T)/cc-pCV5Z] with corrections for use of
a finite basis set, the incomplete treatment of electron correlation, relativistic effects, and the

diagonal Born-Oppenheimer breakdown.

Introduction
Methacrylonitrile (C4HsN, Fig. 6.1) is a prolate, asymmetric rotor (x =—0.61, Cs) that has
previously been studied via various spectroscopic methods including rotational,*? vibrational,**°
and ultraviolet’® spectroscopies. The motivation for these studies was due to its perceived
importance in the interstellar medium (ISM),” the nitrile functional group, and its ability to
copolymerize to create , e.g., methacrylonitrile/methylmethacrylate (A/M),*! which is only one of
many copolymers that have been reported. These various copolymers have been of great interest
for industrial applications®? and as photoresist materials.*®> Methacrylonitrile is a molecule of
fundamental interest due to its small nature and that it contains the nitrile and methyl functional
groups. Vibrational investigations were completed to understand how the vibrational spectra of
nitriles®® and methy! torsions* change between different molecules.
The first rotational spectroscopic investigation was performed by Norris et al.! in the
microwave region from 8 — 40 GHz and determined the rotational constants, V3 barrier, and the
nuclear quadrupole coupling constants. The rotational spectrum was extended to 200 GHz by

Lopez et al.? but this measured frequency range was not continuous. Lopez et al.? was able to
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determine the rotational constants, quartic and partial sextic centrifugal distortion constants, V3
barrier, and the molecular dipole moment from Stark-effect measurements. In the current work,
we have measured the rotational spectrum from 6 — 40 GHz and 130 — 500 GHz for the main
isotopologue. The extension of the frequency range to higher frequencies has allowed this work
to determine a full set of the sextic centrifugal distortion constants in addition to all the
spectroscopic parameters mentioned previously. The determination of all the sextic centrifugal
distortion constants improves the accuracy in which rotational transitions can be predicted outside
of the currently measured rotational spectrum. This improvement could prove helpful to
radioastronomers because there has been a recent detection of methacrylonitrile in TMC-1 with
the QUIJOTE line survey.!* The current ISM detection is in the microwave region (< 45 GHz),
but this work allows for assigned rotational transitions up to 500 GHz to be reliably used for the

detection of methacrylonitrile at higher frequencies.

FIG. 6.1. Methacrylonitrile structure with principal inertial axes and standard atom numbering.
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Despite all the spectroscopic investigations that have been completed, there has not been
an attempt at a gas-phase, equilibrium structure determination of methacrylonitrile. Currently the
semi-experimental equilibrium structure determination method utilizing CCSD(T)/cc-pCVTZ
vibration-rotation interaction and electron-mass corrections has shown the closest agreement with
high-level theoretical calculations.’>®  The precision and accuracy of semi-experimental
equilibrium structures (re°5) has been thoroughly reviewed by Puzzarinit’ and Puzzarini and
Stanton,*® and is founded on the pioneering work of Pulay, Meyer, and Boggs.® Methacrylonitrile
adds an additional component, internal rotation of the methyl group, that has to be satisfactorily
addressed and which was not present in our previous works of highly precise and accurate r°
structures.?>2®  Semi-experimental equilibrium structures have been determined for various
molecules?®-32 containing large amplitude motions (LAMs), and LAMs can be treated as a small-
amplitude vibration if the potential energy function of this motion is harmonic.®® In the case of
methacrylonitrile, the methyl torsion has a high barrier (658 cm™, CCSD(T)), so it is expected that
the small-amplitude vibration formalism will be appropriate. The least-squares fitting program
XIAM3** will be utilized to fit the vibrational ground state of the main isotopologue. XIAM was
chosen due to speed and ability to return mostly unperturbed rotational constants, which are crucial
for the structure determination.

Even though the structure is not similar to our previous works on thiophene??, thiazole??,
or 2H-1,2,3-triazole?®, methacrylonitrile does have a similar problem with atoms extremely close
to a principal inertial axis, and thus having an extremely small coordinate. Methacrylonitrile is
the most egregious case out of the set due to its three atoms, C2, C4, and N, being close to the a-
axis. This problem has been described in detail previously and attempts at mitigating the problem

have been investigated.®>3® Currently, there is no universal approach that solves this issue.
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Methacrylonitrile gives us the ability to push the limits of semi-experimental equilibrium structure
determination (re>€) in relation to atoms close to a principal axis without having a third-row
element or a cyclic structure.

In this work, a total of 34 isotopologues (Fig. 6.2) were observed, measured, and least-
squares fit for frequencies ranging between 6 GHz to 500 GHz depending on the isotopologue
being considered. Of the 34 isotopologues, the heavy-atom isotopologues of the protic and
perdeutero isotopologue were observed at natural abundance in each respective spectrum. The
remaining isotopologues are every combination of deuterium incorporation for methacrylonitrile,
which was achieved by synthetic deuteration. Most isotopologues have a fully determined set of
quartic and partial sextic centrifugal distortion constants, except for the heavy-atom isotopologues,
due to their low abundance. Presently, the spectroscopic constants of 32 isotopologues are being

utilized in the semi-experimental equilibrium structure of methacrylonitrile.
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FIG. 6.2. Methacrylonitrile isotopologues measured in this work (34 in total). Black atoms
correspond to the most naturally abundant isotope. Red carbon, blue nitrogen, and green hydrogen
atoms correspond to $3C, N, and H, respectively.
Experimental Methods

The rotational spectra of synthesized samples of methacrylonitrile were continuously
collected in segments from 130 — 230 GHz, 235 — 360 GHz, and 350 — 500 GHz and deuteriated
methacrylonitrile samples were continuously collected in segments from 130 — 230 GHz and 235
— 360 GHz at the University of Wisconsin — Madison. The microwave spectrum of protic

methacrylonitrile was also collected from 6 — 40 GHz at Harvard University by Bryan Changala

and Mike McCarthy. The University of Wisconsin — Madison?®4%42 and Harvard*3#
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spectrometers have been described previously. The complete protic spectrum from 130 to 500
GHz and deuteriated spectra from 130 to 360 GHz were obtained using automated data collection
software over approximately eight and five days, respectively, with these experimental parameters:
0.6 MHz/sec sweep rate, 10 ms time constant, and 50 kHz AM and 500 kHz FM modulation in a
tone-burst design.** Additionally, the 80 — 135 GHz spectrum for the perdeutero sample was
measured given the new acquisition of antenna horns and a VDI Zero-Bias Detector (ZBD)
WR8.0ZBD in the pursuit of observing and measuring the heavy-atom isotopologues. The spectral
segments for each respective spectrum were separately combined into a spectral file using
Assignment and Analysis of Broadband Spectra (AABS) software.*®4’” A modified version of
XIAM,** extending J to 100 was utilized in the least-squares fit of the vibrational ground state for
protic methacrylonitrile, while ASFIT and ASROT*® were used for all other methacrylonitrile
isotopologues and were treated as distorted rotors. The microwave transitions were independently
measured and incorporated into the XIAM least-squares fit. Additional programs created by
Kisiel, XIARES, PLANM, and AC programs were used for analysis.***° In our least-squares fits,
we assume a uniform 50 kHz frequency measurement uncertainty for our measured transitions in
spectra collected at the University of Wisconsin — Madison. The uncertainty for the microwave
transitions acquired at Harvard University ranges from 2 to 10 kHz, depending on the intensity of
the transition and if transitions are blended. A complete list of the transitions utilized in the least-

squares fit with their measurement uncertainties are presented in the Supplementary Material.
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Computational Methods

Calculations were carried out using a development version of CFOUR.®  The
methacrylonitrile structure was first optimized at the CCSD(T)/cc-pCVTZ level of theory. The
optimized geometry and the same level of theory was subsequently used for an anharmonic,
second-order vibrational perturbation theory (VPT2) calculation, wherein cubic force constants
are evaluated using analytical second derivatives at displaced points.>>* Magnetic property
calculations were performed for each isotopologue to obtain the electron-mass corrections to the
corresponding rotational constants. The “best theoretical estimate” (BTE), as described
previously,?>? is based on a CCSD(T)/cc-pCV5Z optimized structure with four additional

corrections that address the following:

1. Residual basis set effects beyond cc-pCV5Z.
2. Residual electron correlation effects beyond the CCSD(T) treatment.
3. Effects of scalar (mass-velocity and Darwin) relativistic effects.

4. The fixed-nucleus approximation via the diagonal Born-Oppenheimer correction.

Equations used to calculate these corrections and the values of each of these corrections for
methacrylonitrile are provided in the supplementary material (Eq. S7— S13 and Table S-VI1). One
of the most important factors of the algorithm used to determine the BTE is the estimation of
residual basis set effects, specifically estimated as the difference between the (directly computed)
cc-pCV5Z geometry at the CCSD(T) level of theory and the estimate of the CCSD(T) geometry
at the basis set limit. Following others,® the latter is estimated by assuming an exponential
convergence pattern with respect to the highest angular momentum basis functions present in the

basis. There were four angles, 6c3-c2-c1, Oci-c2-c4, Oco-c3-Hs, and Oca-c3-HoH1o0, that either did not
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follow a monotonic function or their rate of change did not show a convergence from cc-pCVTZ
to cc-pCV5Z. There was a similar issue with the parameters in the BTE determination for 2H-
1,2,3-triazole.?® The correction for the finite basis set was set to zero for these angles by assuming
the cc-pCV5Z value was the value at the basis set limit. In total these four angles only had three
corrections to achieve their BTE values. A complete explanation of the BTE calculation is

provided in the Supplementary Material.

The xrefit module of CFOUR calculates the moments of inertia and semi-experimental
equilibrium structure using the experimental, determinable rotational constants and computational
electron-mass distribution and vibration-rotation interaction corrections. Xrefiteration?® was used
to determine the suitability of the methacrylonitrile isotopologues for the structure determination.
The routine begins by determining a structure using a single isotopic substitution at each position
and then sequentially adds the most uncertainty-minimizing isotopologue to the structural least-
squares fit until all available isotopologues are incorporated.

Computational output files are provided in the Supplementary Material.

Synthesis of Methacrylonitrile Isotopologues

For the preparation of methacrylonitrile, we followed two general routes depending on if
we desired deuterium enrichment in the product (Scheme 6.1). For the preparation without
deuterium enrichment, we found that methacrylonitrile could be distilled in high purity via the
dehydration of methacrylamide (Scheme 6.1a). This process involves the mixing of both reagents
and heating the mixture to 160 °C. Methacrylonitrile is then distilled into a dry ice or liquid
nitrogen receiving flask. For the preparation of deuterium-enriched samples of methacrylonitrile,

an extended synthetic route was followed starting from acetone (Scheme 6.1b). In this method,
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acetone is subjected to a strong base in the presence of D»0O, leading to deuterium enrichment
through base-catalyzed tautomerization. Deuterium-enriched acetone is converted to deuterium-
enriched acetone cyanohydrin via addition of potassium cyanide under acidic conditions. Acetone
cyanohydrin is first converted to deuterium-enriched methacrylamide using sulfuric acid followed
by dehydration with phosphorus pentoxide to yield deuterium-enriched methacrylonitrile. A third
deuteriated sample was generated via using acetone-de following Scheme 6.1b after skipping the

first step and resulted in a mainly perdeutero methacrylonitrile sample.

n A o - L
5 160 °C, 2 hr CN

) 0 KOH j\ KCN, H,SO, N\\<OH 1) H,S0, CR;
_— > —_—
)J\ D,O R5;C CR; H20 RsC CR; 2) P4Oqp R,C CN
(R=HorD)

Scheme 6.1: Methods for producing methacrylonitrile (a), and deuterium-enriched
methacrylonitrile (b).
Analysis of Rotational Spectra

The rotational spectrum of the vibrational ground state for the main isotopologue
consisted of a-type R- and Q- branch transitions across the 130 to 500 GHz spectrum measured at
the University of Wisconsin — Madison. The previously measured experimental dipole moments?
of methacrylonitrile were determined to be pa = 3.940 (2) D and un = 0.26 (5) D, however, no b-
type rotational transitions were observed outside the microwave region (6 to 40 GHz) measured at
Harvard. Figure 6.3 shows a small section of the experimental spectrum for methacrylonitrile,
along with stick spectra predicted from experimental spectroscopic constants using XIAM3* for

both the A and E states (green and purple, respectively). Rotational transitions follow a pattern
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where decreasing J”+1 and increasing Ka occur as you progress lower in frequency beyond the
band origin at Ko = 0. Bandheads for methacrylonitrile appear as four transitions: two ®Ro1
transitions (J = Ka +Kc and J + 1 = K; +K¢) for both the A and E states. The two bands shown in

Fig. 6.3 undergo a turnaround and progress to higher frequency at Ka = 8 and lose degeneracy at

Ka = 10
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FIG. 6.3. Stick spectra for vibrational ground state of methacrylonitrile A state (green) and E state

(purple) predicted from experimental spectroscopic constants from 369 to 378 GHz (top). The
experimental spectrum of methacrylonitrile is on the bottom.

The splitting of A and E state transitions becomes resolvable at various Ka values

depending on the frequency, but an example is shown in the inset of Fig. 6.3 for Ko = 17. Due to
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the high barrier (~689 cm™) of methacrylonitrile, the frequency splitting is always small with the
largest splitting observed only being a couple of MHz. This fact does lead to a large number of
unresolvable or blended transitions involving both A and E states. The singly substituted heavy-
atom isotopologues were observable at natural abundance in this spectrum. Only the main
isotopologue utilized a Hamiltonian accounting for internal rotation splitting in the least-squares
fitting because the heavy atom isotopologues were not intense enough to see transitions that had
resolved A and E splittings. These fits were treated like distorted rotors and assumed every

measured transition included both the corresponding A and E state.

Table 6.1 provides the spectroscopic constants for methacrylonitrile determined in this
work alongside the previous works of Norris et al.* and L6opez et al.> We present two least-squares
fit of our experimental data, where one is a higher error fit, Fit I, and the other has an error below
our experimental uncertainty of 50 kHz, Fit Il. The unusual reporting of two least-squares fit for
the same experimental data is due to the significant number of transitions that had to be removed
from Fit | to achieve a total RMS below 50 kHz. A total of 1561 rotational transitions had to be
removed, this large number of transitions is much higher than one would expect based on statistical
probabilities or due to overlapping transitions of vibrationally excited states. Figures 4 and 5 show
the range of quantum numbers included in the least-squares fit of Fit I and Fit 1, respectively. It
is apparent in Fig. 6.4 that there are a couple of systematic trends for the high error transitions (red
circles). Both the A and E state data distribution plots show a collection of high error transitions
progressing higher in J” and Ka" starting initially around J” = 15 and K" = 8 and another similar
series to the left starting at around J” = 30 and Ky"” = 5. These high error lines are attributed to

four transitions in close proximity, A and E state J = Kq +K¢ and J + 1 = Ka +K¢ transitions, losing
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degeneracy. The A and E state transitions lose degeneracy at different rates, thus there are
experimental transitions that are distorted with all four transitions having different but similar
frequencies. Most spectral fitting programs (such as SPFIT®® and ASFIT8) try to take this into
account by blending the transitions that have the same recorded experimental frequency in the
initial least-squares fitting process. Unfortunately, XIAM does not blend transitions, so the
observed minus calculated (obs. — calc.) are inaccurate because XIAM is assuming the observed
frequency is the true unperturbed frequency for each transition. The large spectral range covered
in the vibrational ground state (6 to 40 GHz and 130 to 500 GHz) results in a large quantity of
these transitions being incorporated into the fit. A similar issue is possible for high Ka transitions
in the R-branch for the E state because four transitions are in close proximity, but in this case only
the E state transitions are predicted not to be degenerate. Thus, high error results in the obs. — calc.
value for at least one of the E state transitions. The Q-branch transitions for the E state do not
experience this and are also high error. It seems the determined spectroscopic constants without
accounting for these blended frequencies does not predict higher Ka (Ka >10) Q-branch transitions
for the E state to within experimental uncertainty. It is of note that these transitions are the
transitions that have the largest A and E splitting observed, couple of Megahertz, in our spectral
coverage. It also cannot be ruled out that higher order centrifugal distortion constants beyond the
sextic centrifugal distortion constants are needed to lower the error for high J and Ka transitions.
Unfortunately, XIAM does not contain the capabilities of adding octic centrifugal distortion
constants, so this assumption cannot be tested with this program. If all the transitions measured in
this range could be adequately incorporated into the least-squares fit, we believe a large portion of
these discrepancies would be resolved and would result in a low error fit without having to remove

the large number of lines that is currently needed



Table 6.1. Experimental and computational spectroscopic constants for methacrylonitrile, normal isotopologue, ground vibrational sate
(A-reduced Hamiltonian, I" representation).

CCSD(T)/cc-

pCVTZ Current Work Fit 1 Current Work Fit Il L6pez et al.? Norris et al*
Ao (MHz) 9253 9291.31245 (35) 9291.32169 (66)  9291.3161 (28) 9297.48 (30)
Bo (MHz) 4143 4166.48697 (22) 4166.48195 (41)  4166.43628 (79)  4166.33 (01)
Co (MHz) 2909 2924.60173 (21) 2924.60355 (39)  2924.65852 (77)  2924.68 (01)
4; (kHz) 0.743 0.764922 (41) 0.763823 (48) 0.76525 (61)
A (KHz) 13.8 13.92443 (23) 13.92925 (24) 13.8812 (36)
Ak (kHz2) -5.21 —5.4036 (28) —5.3466 (42) —5.094 (42)
& (kHz) 0.256 0.264520 (21) 0.264115 (23) 0.26503 (22)
& (kHz) 8.48 8.63005 (35) 8.62943 (30) 8.5996 (94)
@y (Hz) 0.000504 0.0004930 (70) 0.0002890 (90)
Dy (Hz) 0.120 0.11473 (11) 0.11440 (11) 0.0495 (97)
ax; (Hz) —0.243 —0.23117 (37) —0.22762 (42)
& (Hz) 0.145 0.2522 (48) 0.3668 (81) —0.393 (40)
¢ (Hz) 0.000246 0.000241 (3) 0.000147 (5)
¢k (Hz) 0.0620 0.059526 (71) 0.058336 (83)
# (Hz) 0.264 0.26184 (74) 0.26092 (79)
xaa (MHz) ~4.13 —4.2330 (23) —4.2361 (23) ~4.18 (02)
%ob —xcc (MHz) 0.0511 0.0222 (45)
Vs (MHz) 19974070. (15000)  20663280. (19000)
Vs (cm™) 657.6 666.26 (51) 689.25 (64) 694.7 (21) 710. (21)
Dk (MHZ) —1.46 (11) —7.503 (78)
D= (MHZ) —0.237 (18) —0.957 (14)
Niines 3937 2376 81 15
oiit (MHZ) 0.089 0.047 0.037
Ai (UA?) —2.886156 (14) —2.886355 (26) —2.89096 (5) —2.859 (2)

91
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Both Fit I and Il are able to accurately predict transitions for the entire spectral range of
this work and the reported transitions frequencies would allow for confirmed observational
detection in different interstellar sources. The rotational and quartic distortion constants that are
determined by both fits are of similar quality and precision when compared to Lopez et al.,? with
notable improvement in Ak, presumably due to the larger data set and better determination of the
sextic centrifugal distortion constants. The CCSD(T) Bo value has the largest difference in the
rotational constants when compared to either Fit | and Il (0.57%). The CCSD(T) quartic
centrifugal distortion constants have the largest disagreement with Ak (3.6%) and o5 (3.0%) for Fit
| and I, respectively. There are larger differences between Fit | and Il with sextic centrifugal
distortion constants, especially @; (70.6%), @x (31.2%) and ¢ (63.9%), where Fit Il has smaller
@; and ¢ but larger @x. The on-diagonal sextic constants that show poor agreement between the
two least-squares fits are the values that are generally the most difficult to determine (@; and @x).
Fit I has closer agreement between all the sextic centrifugal distortion constants and their
respective CCSD(T) values. It is possible that the removal of high error lines in XIAM due to the
lack of blended line treatment to achieve Fit 11, may have distorted the sextic centrifugal distortion
constants from the true physically meaningful values. Fit | should be treated as the more reliable
determination of the spectroscopic constants despite its larger osit value. The V3 parameter for Fit
11, 689.25 (64) cm™!, is closer in agreement to Lopez et al., 694.7 (21) cm™!, than Fit |, 666.26 (51)
cm™!, however, Fit | is closer to the CCSD(T) predicted value of 657.6 cm™'. The V3 parameter
for Fit 11, even though there is close agreement, is outside the quoted statistical uncertainty of
Lopez et al.> The two higher order internal rotation parameters, Dk and Dr- are significantly
different between each fit, and Fit Il has significantly more precision in the determination of both

parameters. As the rotational constants in both Fit | and Fit Il agree to within 9 kHz, either set of
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spectroscopic constants would be useful for the reE structure determination. The rotational
constants from Fit Il will be used in the structure determination, because its orit value is similar to

those of all the other isotopologues measured in this work.
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Fig. 6.4. Data distribution plot for the least-squares fit of spectroscopic data for the vibrational
ground state of methacrylonitrile (Fit I). The size of the outlined circle is proportional to the value
of |(fobs. — fcarc.)/0f|, where of is the frequency measurement uncertainty, and values greater than 3
are outlined in red. A and E state transitions are green and purple, respectively.
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Fig. 6.5. Data distribution plot for the least-squares fit of spectroscopic data for the vibrational
ground state of methacrylonitrile (Fit I1). The size of the outlined circle is proportional to the value
of |(fobs. — fcaic.)/0f|, where of is the frequency measurement uncertainty, and values greater than 3
are outlined in red. A and E state transitions are green and purple, respectively.

All three deuteriated samples of methacrylonitrile allowed for every combination of
deuterium substituted isotopologues excluding heavy-atom substituted isotopologues to be
observed. The fully deuteriated methacrylonitrile was sufficiently pure to allow an additional set
of heavy-atom substituted isotopologues to be observed. This resulted in rotational constants being
determined for a total of 34 isotopologues, and the transitions of all of these deuteriated
isotopologues were modeled with distorted rotor Hamiltonians. This assumption was rigorously
valid for any isotopologue that contained at least one deuterium in the methyl rotor because every

observable transition was able to be assigned and incorporated into a least-squares fit below the

experimental uncertainty of 50 kHz. The resulting A and E splitting with at least one deuterium
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in the methyl rotor was thus experimentally unresolvable. The only isotopologues that this did not
occur for were [1-?Hcis]-, [1-Hirans]-, and [1,1-2H]-methacrylonitrile. These isotopologues were
treated similar to the heavy atom isotopologues of the primary isotopologue, where only transitions
measured were those with no observable A or E state splitting. The intensity of the rotational
transitions for these isotopologues were quite weak in our deuteriated spectra because all had quite
high deuterium incorporation. Table 6.2 shows the CCSD(T)/cc-pCVTZ and experimental
spectroscopic constants for every singly-substituted isotopologue in the A-Reduced Hamiltonian,

I" representation.



Table 6.2. Experimental and computational spectroscopic constants for the ground vibrational state of singly-substituted
methacrylonitrile isotopologues (A-reduced Hamiltonian, 1" representation).

[1-C] [2-1°C] [3-1°C] [4-1C]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 8983 9020.071 (15) 9252 9290.32 (11) 9016 9053.0230 (42) 9253 9291.1612 (74)
Bo (MHz) 4102 4125.8648 (40) | 4135 4158.418 (25) 4091 4114.67031 (55) | 4113 4136.4437 (12)
Co (MHz) 2862 2877.49168 (21) | 2905 2920.60185 (32) | 2860 2875.37323 (23) | 2895 2909.84776 (22)
Ay (kHz) 0.700 0.7305 (32) 0.734 0.794 (19) 0.764 0.78682 (22) 0.738 0.75817 (72)
Ak (KHz) 13.7 13.674 (48) 13.9 13.38 (30) 12.7 12.8131 (24) 13.4 13.638 (15)
Ak (kHz) -5.91 [-5.91] =5.27 [-5.27] —4.17 —4.662 (12) —4.84 =5.10(11)
0 (kHz) 0.241 0.2537 (16) 0.253 0.2800 (98) 0.269 0.27751 (11) 0.254 0.26118 (36)
o (kHz) 8.28 8.3785 (79) 8.49 8.546 (41) 8.06 8.1856 (21) 8.31 8.4907 (90)
@y (Hz) 0.000456 [0.000456] 0.000485 0.000493 (10) 0.000544 0.000565 (61) 0.000503 [0.000503]
Dk (Hz) 0.115 0.11558 (34) 0.120 0.12203 (59) 0.115 0.1166 (10) 0.115 0.11205 (57)
@3 (Hz) —0.224 [-0.224] —0.243 [-0.243] —0.24 —0.3720 (74) —0.236 —0.1936 (97)
@ (Hz) 0.125 [0.125] 0.145 [0.145] 0.152 [0.152] 0.143 [0.143]
¢ (Hz) 0.000224 [0.000224] 0.000237 [0.000237] 0.000265 0.000282 (30) 0.000246 [0.000246]
¢k (Hz) 0.0591 [0.0591] 0.0620 [0.0620] 0.0593 0.05936 (64) 0.0596 [0.0596]
& (Hz) 0.243 [0.243] 0.265 [0.265] 0.241 0.1863 (49) 0.258 [0.258]
Niines 171 161 348 242
ofit (MHz) 0.046 0.047 0.048 0.051
Ai (UA?) —2.88693 (15) —2.89067 (97) —2.886846 (34) —2.891852 (57)

0LT



Table 6.2 Continued. Experimental and computational spectroscopic constants for the ground vibrational state of singly-substituted
methacrylonitrile isotopologues (A-reduced Hamiltonian, 1" representation).

[15N] [1'2Hcis] [1'2Htrans] [3-2Hanti]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 9252 9289.46 (10) 8500 8535.428 (11) 8967 9004.6838 (83) 9084 9121.4543 (71)
Bo (MHz) 4000 4023.271 (21) 4134 4157.5686 (39) | 3985 4007.96416 (88) | 3968 3990.11748 (59)
Co (MHz) 2838 2853.15251 (28) | 2826 2841.08838 (59) | 2803 2818.20879 (66) | 2806 2821.09365 (61)
Ay (kHz) 0.687 0.867 (23) 0.721 0.7362 (29) 0.625 0.64225 (42) 0.707 0.72896 (24)
A (kHz) 13.5 11.00 (37) 13.5 13.324 (89) 12.9 13.0220 (29) 11.1 11.2505 (24)
Ak (kHz) —4.89 [—4.89] —7.26 —5.89 (47) —4.54 —4.643 (61) —-1.14 —1.270 (51)
0y (kHz) 0.233 0.320 (11) 0.255 0.2596 (15 0.212 0.21750 (22) 0.248 0.25636 (13)
o (kHz) 8.27 8.051 (52) 8.14 8.080 (51) 7.71 7.8176 (90) 7.30 7.4274 (82)
@ (Hz) 0.000449 [0.000449] 0.000498 [0.000498] 0.000379 [0.000379] 0.000564 [0.000564]
Dy (Hz) 0.114 [0.114] 0.115 [0.115] 0.100 0.0963 (19) 0.0966 0.0972 (13)
dx; (Hz) —0.229 [—0.229] —0.225 [—0.225] —0.196 —0.1827 (38) —0.209 —0.2108 (17)
@k (Hz) 0.137 [0.137] 0.124 [0.124] 0.109 [0.109] 0.147 [0.147]
¢ (Hz) 0.000219 [0.000219] 0.000245 [0.000245] 0.000187 [0.000187] 0.000276 [0.000276]
¢ (Hz) 0.0587 [0.0587] 0.0594 [0.0594] 0.0516 0.0408 (43) 0.0504 0.0444 (40)
o (Hz) 0.271 [0.271] 0.209 [0.209] 0.230 [0.230] 0.228 [0.228]
Niines 73 115 267 397
ofit (MHz) 0.049 0.042 0.043 0.044
Ai (UA?) —2.88741 (88) —2.88377 (14) —2.89139 (72) —2.920267 (61)

TLT
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Table 6.2 Continued. Experimental and computational spectroscopic constants for the ground
vibrational state of singly-substituted methacrylonitrile isotopologues (A-reduced Hamiltonian, 1"

representation).

[3‘2Hgauche]

CCSD(T) Present Work
Ao (MHz) 8627 8662.2956 (50)
Bo (MHz) 4086 4109.80874 (48)
Co (MHz) 2840 2855.08247 (52)
Ay (kHz) 0.800 0.82388 (21)
A (kHz) 12.4 12.6232 (20)
Ak (kHz) —-5.30 —5.552 (32)
0 (kHz) 0.285 0.29476 (12)
o (kHz) 7.69 7.8357 (60)
@ (Hz) 0.000490 [0.000490]
@i (Hz) 0.115 0.1110 (12)
&3 (Hz) —0.235 —0.2275 (15)
@ (Hz) 0.144 [0.144]
¢ (Hz) 0.000236 [0.000236]
¢ (Hz) 0.0594 0.0614 (30)
& (Hz) 0.210 [0.210]
Nlines 408
ofit (MHz) 0.037

Ai (UA?)

~4.301071 (49)
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Semi-experimental Equilibrium Structure (re5F)

The spectroscopic constants were determined in both the A and S reductions for all 32
isotopologues utilized in the semi-experimental equilibrium structure (re°5). The rotational
constants (Bo) for each reduction were converted to determinable constants (B”) using Eqns. S(1)
— S(6) in the supplementary material. The agreement between the two sets of determinable
constants (within 0.07 and 0.02 MHz when including and not including heavy-atom substituted
isotopologues, respectively) confirms that the rotational constants and quartic centrifugal
distortion constants determined for all isotopologues are physically meaningful and gives
confidence in their inclusion in the least-squares fit of the structure determination. The respective
determinable rotational constants were averaged together and input into xrefit along with vibration-
rotation interaction and electron-mass distribution corrections predicted at the CCSD(T)/cc-
pCVTZ level of theory. Xrefit uses the given rotational constants and corrections to calculate the

equilibrium rotational constants (Be) using Eq. (1), where the second term is the vibration-rotation

interaction correction, % is the electron-to-proton mass ratio, B” is the determinable constant, and
14

g is the corresponding magnetic g-tensor component.

=B"F +zza ——gﬁﬁBﬁ (1)

The rotational constants are then used to calculate the inertial defect (4i) for each
isotopologue. Unlike our previous works including all planar molecules,?%28 the inertial defect is
non-zero for methacrylonitrile, due to the two out-of-plane hydrogen atoms on the methy! rotor.
The inertial defects provide important insight into the quality of the computational corrections to
the experimental rotational constants. Without either computational correction, the observed Aig

ranges from —2.8866 uA? to —6.0229 uA? for [1,1-2H] and [3,3,3-2H], respectively. The Aj inertial
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defect for Hz, HD, and D; isotopologues are —2.898 (14) uA?, —4.319 (19)uA?, and —6.006 (15)
uA2. The A inertial defect for Hz, HD, and D isotopologues are —3.1142 (14) uA?, —4.5461 (44)
uA?, and —6.2180 (22) uA?. When both the vibration-rotation interaction and electron-mass
corrections have been taken into account, the 4ie decreases by ~ 0.2 uA?, and the standard deviation
between isotopologues is drastically decreased. There is a nearly linear trend in the number of 2H
atoms out-of-plane and the inertial defects (Fig. S34). The slight non-linearity is presumably due
to the *H/?H isotopologues, which also experience a slight rotation in the inertial planes due to the
loss of symmetry. The planar second moment Pcc (-24ie) when corrected for the mass of the out-
of-plane atoms (*H or 2H) is remarkably consistent across all isotopologues, which will be

discussed in greater detail below.
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Table 6.3. Inertial defects (4i) and second moments (Pcc) of methacrylonitrile isotopologues.

Isotopologue Aio WA 2 Aie (UAD)®  Pec (UAZ)PC Poc / my (A%)Ped

CaHsN —2.8872 —3.10984 1.55492 1.54285
[1-3C] —2.8877 —3.11419 1.55709 1.54500
[2-13C] —2.8915 -3.11392 1.55696 1.54487
[3-13C] —2.8875 —3.11408 1.55704 1.54495
[4-3C] —2.8926 —3.11423 1.55711 1.54502
[*°N] —2.8882 —3.11383 1.55692 1.54483
[1-2Hcis] —2.8845 —3.11418 1.55709 1.54500
[1-2Htrans] —2.8920 —3.11432 1.55716 1.54507
[3-2Hani] —-2.9209 —3.11549 1.55775 1.54565
[3-?Hgauche] —-4.3018 —4.53974

[1,:2L-2H] ) —2.8866 —3.11409 1.55705 1.54496
[1-?Hcis,3-*Hanti] —2.9135 —3.11552 1.55776 1.54567
[1'2Hcis,3'2Hgauche] —4.2984 —4.54383

[1-*Hirans,3-*Hanti] —2.9209 —3.11574 1.55787 1.54578
[1-2Hirans, 3-Hgauche] -4.3023 —4.54054

[3'2Hami,3'2Hgauche] —4.3398 —4.54764

[3'2Hgauche,3'2Hgauche] _59890 _62 1 804 310902 154363
[1,1-H,3-?Hanti] —2.9154 —3.11569 1.55784 1.54575
[1,1-2H,3-2Hgauche] —4.3006 —4.54444

[1'2Hcis,3'2Hanti,3'2Hgauche] —4.3360 —4.55167

[1-?Hcis,3-?Hgauche, 3-*Hgauche] ~ —5.980 —6.21792 3.10896 1.54360
[1-2Hirans,3-2Hanti, 3-?Hgauche] ~ —4.3398 —4.54850

[1'2Htrgns,3‘2Hgauche,3-2Hgauche] —5.9883 —6.21873 3.10937 1.54380
[3,3,3-2H] -6.0229 —6.21980 3.1099 1.54406
[1,1-2H,3-2Hanti,3-*Hgauche] ~4.3377 —4.55217

[1,1-2H,3-?Hgauche,3-Hgauche] ~ —5.9821 —6.21836 3.10918 1.54370
[1-2Hcis,3,3,3-2H] —6.0144 —6.21854 3.10927 1.54375
[1-*Htrans,3,3,3-2H] —-6.0218 —-6.21912 3.10956 1.54389
[1,1,3,3,3-2H] —-6.0154 —6.22028 3.11014 1.54418
[1,1,3,3,3-H,1-C] —6.0131 —6.21962 3.10981 1.54402
[1,1,3,3,3-2H,2-13C] -6.0137 —6.21703 3.10851 1.54337
[1,1,3,3,3-2H,3-1°C] -6.0113 —6.21824 3.10912 1.54367
[1,1,3,3,3-H,4-°C] —-6.0184 —-6.21102 3.10551 1.54188
[1,1,3,3,3-2°H,'°N] —6.0096 —6.21685 3.10843 1.54333
Average x 1.54432
std dev s 0.00094

2 An average between A- and S-reduced ground rotational constants, By, to obtain Ai=lc—la— 1y .
b Vibration-rotation interaction and electron-mass corrections.

¢ Pee=(lc—la—Ip)/ -2

4 my = 1.007825035 for *H or 2.014101779 for 2H



176

1.0888 (2) A
10

110.582 (21y°

124.577 (53)

14397 8) A 177.997 -

1.3368 (7) A
119.213 (44)°

1.1576 (6) A
121.339 (53)°

Bcacacane = 59-505 (27)°
Ocycacanio = —59.505 (27)°

FIG. 6.6. Semi-experimental equilibrium structure (re>) of methacrylonitrile with 2o statistical
uncertainties from least-squares fitting of the moments of inertia from 32 isotopologues.
Distances are in Angstroms and the angles are in degrees.

The semi-experimental equilibrium structure (re>%) determined from 32 isotopologues is
presented in Fig. 6.6 and enumerated in Table 6.4. The 2o statistical uncertainties for the bond
distances are all < 0.0008 A with the largest uncertainties corresponding to heavy atom bond
distances. The uncertainties for the bond angles are all < 0.053° with most bond angles having
similar precision besides the angles corresponding to the methyl group, which are determined to a
higher level of precision. The re5 of methacrylonitrile is the first non-planar molecule determined
to this level of precision or accuracy. A similar level of precision was achieved to the recently
reported re>E structure determinations of planar heteroaromatics?’-226 and small molecules.?>? It

is the only structure where a parameter was held constant at its BTE value during the least-squares
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fitting process in xrefit in order to obtain a satisfactory structure. The discussion on the origin of

the structural issue and how this parameter was identified will be discussed further below.

Table 6.4. Equilibrium structural parameters of methacrylonitrile.

re°E CCSD(T)/ re CCSD(T) re CCSD(T)/
cc-pCVTZ BTE cc-pCV5Z
rci-c2 1.3368 (7) 1.3370 1.3364
rco-c3 1.5001 (7) 1.5003 1.5003
rco-ca 1.4396 (8) 1.4395 1.4399
rca-N 1.1576 (6) 1.1590 1.1581
rci-He 1.0795 (5) 1.0793 1.0793
rci-H7 1.0801 (4) 1.0803 1.0803
rcs-Hs 1.0865 (4) 1.0870 1.0869
rc3-HI/H10 1.0888 (2) 1.0891 1.0891
Ocs-co-c1 124.575 (53) 124.562 124.585
Oci-c2-ca 119.215 (44) 119.247 119.228
Oca-ca-N [177.997]2 177.997 178.054
Oca-c1-He 121.337 (53) 121.347 121.392
Oca-c1-H7 120.242 (48) 120.226 120.257
Oc2-c3-Hs 110.179 (37) 110.182 110.184
Oc2-c3-HoH10 110.581 (21) 110.571 110.573
Oca-co-ca-Ho 59.505 (27) 59.465 59.472
Oc4-c2-c3-H10 —59.505 (27) —59.465 —59.472
Niso 32

@Parameter held fixed at BTE value.

Discussion

The xrefiteration program?® was used to examine the effects of including all available

isotopologues in the re5E structure similar to our previous structure determinations.?>2® Figure 6.7

is a plot of parameter uncertainty versus the number of isotopologues incorporated into the least-

squares fit. A steady decrease in the total uncertainty is experienced as more isotopologues are

added until approximately the 20" isotopologue, however, a smaller decrease is seen until the

penultimate isotopologue is added. A small increase in total uncertainty is observed with the

inclusion of the last isotopologue. By the 28" isotopologue added, the least-squares fit seems to

be fully converged. There was no observed drastic increase in the total uncertainty as the last few
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isotopologues were added into the least-squares fit unlike what was observed for thiophene?? and
1H- and 2H-1,2,3-triazole.?® It is worth noting, the first three isotopologues added beyond the core
set are the [*3C]-isotopologues of the perdeutero species. These isotopologues provide important
structural information about the location of those carbon atoms that is apparently not contained
within the core set of isotopologues and lower the total uncertainty the most. Figure 6.8 shows the
structural parameter values and their uncertainties as a function of isotopologues added by
xrefiteration, and the specific order of isotopologues added is shown in the table of Fig. 6.7. Not
until approximately the 24" isotopologue is included in the reSE structure, does it appear that every
structural parameter is converged to its finalized value. These two observations support the
inclusion of as many isotopologues as practical in a structure determination, because it is not clear
a priori which isotopologues will be critically important or how many isotopologues will be
needed to achieve a converged structure. Beyond the 24" isotopologue, the statistical uncertainties
for the parameters are rather consistent and show small changes, indicating that this structure may
be approaching the limit of what is achievable for an re5F structure in general or from the current

data set.
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Nio Isotopologue Added
10 Core set
11 [1,1,3,3,3-2H,2-13C]
- 1,1,3,3,3-2H,1-5C]
13 [1,1,3,3,3-2H,3-13C]
14 [1,1-2H]
15 ll'ZHmmu 3'2Hauuchc’ 3'2mechc]
16 “'zHciv 3'2Huaucllc’ 3-2H"auchc]
1 [1,1-2H, 3'2Honurheﬂ 3-2Hs>anche]
18 [1-2Hyy e 3-"Huuenel
19 ls'znﬂauche’ 3-Z"ﬂauche]
20 [] a]'ZHs 3-2Hoam‘h9]
21 11-2H i 3-Hyuenel
22 [l-zlim, 3'2]Iauti]
23 13,3,3-2H]
24 ll-zlenns’ 3’3’3-2H]
25 [3-2H, 5 3-"Hoauenel
26 11-Hy, 0 3-2H,p 32 Hp el
%7 “al'ZH’3'ZHami]
-o-9 28 [1'2H|rnns" 3'2Hanli]
1 | | | IR I T TR SN S N ST 29 11,1-2H, 3-2H, ,;» 3—21’12;“,(,“.]
10 12 14 16 18 20 22 24 26 28 30 32 30 [1-2H,;, 3-2H, . 3-2H,,uenel
<2 . =2
Number of Isotopologues (Niq,) i [1-Hy 3,3,37H]
32 11,1,3,3,3-2H|

FIG. 6.7. Plot of rct Uncertainty (67.°F) as a function of the number of isotopologues (Niso)
incorporated into the structure determination data set for methacrylonitrile. The total relative
statistical uncertainty (7%, blue squares), the relative statistical uncertainty in the bond distances
(green triangles), and the relative statistical uncertainty in the angles (purple circles) are presented.
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FIG. 6.8. Plots of the structural parameters of methacrylonitrile as a function of the number of
isotopologues (Niso) and their 2c uncertainties. Distance and angle plots use consistent scales,
respectively. Colored dashed lines indicate the BTE value. Oco-ca-n is held fixed at the BTE value
and is shaded in gray. The table in Fig. 6.7 indicates the x™" isotopologue added to the reSE.

Providing complimentary analysis to the parameter convergence plots in Fig. 6.8, Fig. 6.9

is a graphical representation of all the structural parameters for the current r.>€, BTE, and various

coupled-cluster calculations with different basis sets. As can be seen in both figures, 12 of the 16

independent structural parameters agree with their respective re BTE value within its 2c
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uncertainty. The four parameter values that do not agree between the re° and re BTE structures
are three bond lengths, rca-n, res-Hs, and rca-HoH1o, and one bond angle, Oca-co-c3-He. The parameter
with the largest discrepancy is the rca-n bond distance, despite it seemingly converging with only
the core set of single-substitution isotopologues. The re°E value is in agreement with the
CCSD(T)/cc-pCV5Z value, however, considering the reliability of the BTE calculations
previously,2%-28 this is likely somewhat accidental. It is more likely holding the Ocz-ca-n angle at
the BTE value is the cause of this discrepancy, by constraining the ability of the least squares fit
to determine the location of the C4 and N atoms. All three remaining parameters involve the
methyl group, and all the discrepancies may be due to an overestimation of the precision from the
least-squares fit of the structure. These atoms are substituted in many of the isotopologues, and
the parameters are well-converged. The three parameters have differences from the BTE values
similar to other parameters, rca-ns =—0.00046 A, rca-Homio =—0.00037 A, and Oca-ca-c3-He = 0.040°.
While this supports the idea that the precision associated with these parameters might be

overestimated, the origin of this discrepancy is somewhat ambiguous.
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Unlike previous works,?*-28 an angle, Ocz-ca-n, Was held fixed at the determined BTE value
because the structure determined with all parameters varying resulted in statistical uncertainties
significantly higher for various parameters and resulted in more structural parameters not agreeing
with their respective BTE value. The structure with all parameters varying is presented in the
Supplementary Material (Fig. S35). This structure does not have the precision that is typical for
an re>E structure determination, and it is likely due to three atoms, C2, C4, and N, having extremely
small b-axis coordinates (Fig. 6.1). The poor determination of an atom location due to its
proximity to a principal axis is widely known in structure determination methods,**-° but there is
no universal solution to this problem. Our works with thiophene®? and thiazole?* had similar
problems but to a lesser degree because they involved fewer problematic atom locations. In all
three structures (thiophene, thiazole, and methacrylonitrile) the mass of the atoms and molecular
geometry prevents moving of the problematic atoms significantly away from the nearby principal
inertial axis. In the case of methacrylonitrile, the near-axis atom issue is exacerbated by having
three connected atoms nearly colinear with its a-axis. The angle between these three problematic
atoms was chosen to be held fixed at the BTE value to attempt to constrain the viable structures
that could result from the least-squares fit in xrefit. When atoms are close to a principal axis, there
are numerous structures that are possible minima resulting from the least-squares fit. Slight
changes in Oco-ca-n result in large differences in the resulting structure due to its core relationship
to the molecule. The high-level theoretical calculations to determine the BTE parameter are likely
the best way to determine this parameter because computational calculations are not affected by
this close proximity to a principal axis. The support for this method is the resulting structure has

parameters that are more precisely determined and agree with their respective BTE values.
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The Cs symmetry of methacrylonitrile isotopologues that contain the same isotope of
hydrogen for both out-of-plane hydrogen atoms in the methyl group allows for second moments®’
(Pcc, Table 6.3) to be analyzed to assess the quality of the spectroscopic constants and
computational corrections utilized in the reSF structure determination. If corrected for vibration-
rotation interaction and electron-mass corrections, the Pcc for each separate group of isotopologues
should be the same and any deviation indicates room for improvement in the rotational constants
or computational corrections. The average of the Pcc for the isotopologues with only *H or ?H
atoms out-of-plane is 1.5571 (7) and 3.1093 (5) uA?, respectively. The *H isotopologues have a
greater standard deviation than the ?H isotopologues, however, if the main isotopologue is
removed, the standard deviation is decreased to 0.0004 uA?. The noticeable difference in the Pcc
value of the main isotopologue from the rest is likely due to the main isotopologue being fit with
XIAM, and its full treatment of the internal rotation splitting. Furthermore, the mass dependence
can attempt to be removed by considering the last column in Table 6.3, Pcc / mu. All isotopologues
that maintain Cs symmetry (all *H or 2H atoms out of plane) should have the same value of Pcc /
mu. The values range from 1.54285 A2 to 1.54578 A? for the *H isotopologues and 1.54337 A? to
1.54418 A? for the ?H isotopologues. These differences are larger than the ones observed for
ketene?®, which could indicate a less accurate determination of the rotational constants or
computational corrections. It is also feasible since the number of atoms has doubled, in addition
to the two out-of-plane atoms being comprised in a methyl group, that the precision obtained in
ketene is not possible for methacrylonitrile. The c-coordinate (out-of-plane distance) can be
calculated for the *H and ?H isotopologues given Eqn. 2, where *H-atom = 0.87893 A and 2H-atom

=0.87858 A.
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PCC

ZmH
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CH=

The 0.00035 A difference between the values is larger than the expected isotopic difference in the
rc-nand rc_p equilibrium bond distances.?”?® Given the resulting structures from the re¢ and BTE,
a similar approach can be implemented given their rotational constants. The c-coordinate is
0.87828 A and 0.87829 A for the r.°€ and BTE, respectively. The extremely small difference,
0.00001 A, between these two gives confidence in the overall quality of the semi-experimental
equilibrium structure and BTE structure determined in this work.
Conclusion

A highly precise and accurate semi-experimental equilibrium (re°5) structure for
methacrylonitrile has been determined from the spectroscopic constants of 32 isotopologues. The
methacrylonitrile re> needed significantly more isotopologues than the core set to reach a
converged structure and is a counter example to HN3? and ketene,?® where those structures were
mostly converged after the core set. The overall precision of the structural parameters was similar
to our previous heteroaromatic structure determinations.??4?6 The BTE values for structural
parameters fall within the 2 uncertainties for the respective r.° parameter for 12 out of the 16
independent structural parameters determined in this work. We have also observed worse
percentages of structural parameters that did not agree with BTE values for thiophene? and
thiazole.?! Each of the cases where there are significant deviations from the BTE values occur
with molecules that have atom(s) close to a principal axis.

Methacrylonitrile is the first molecule where we held a structural parameter at its
respective BTE value, due to the inability to determine the parameter with a high level of precision.

This issue was attributed to C2, C4, and N atoms lying extremely close to the principal a-axis, and
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the inability of any of the 32 isotopologues to significantly rotate the principal axis away from
these three atoms. The solution in this work with holding the 0c2.ca-n fixed to the BTE value is an
empirical solution to the near-axis problem. Ideally, every parameter would be able to be varied
in the least-squares fit of the structure determination, but in this case, it was at the detriment of the
entire structure. We believe the BTE value determined in this work is likely within 2c of a
representative error given the other angle uncertainties. Additionally, we have presented an
analysis of the impact of each rotational constant on each structural parameter, which revealed the
Oc2-ca-n parameter as being the most sensitive to changes in the data set. This is the first example
where such an analysis was used to identify which structural parameter should be held at a constant
value. This analysis and the solution applied in this work may be generalized to other molecules

that have this near-axis problem and where a precise re°t structure cannot be determined.

The current spectroscopic investigation of methacrylonitrile from 6 GHz to 500 GHz has
allowed a complete determination of the spectroscopic constants through the sextic centrifugal
distortion constants. With methacrylonitrile’s recent detection in TMC-1,'* it has renewed interest
in searching for methacrylonitrile in other extraterrestrial environments in different frequency
ranges. The current spectroscopic constants improve the accuracy of rotational transitions
predicted through 500 GHz. Itis also evident from the spectra that there were a significant number
of vibrationally excited states that were observable, but they were not within the scope of this
work. Preliminary assignments of rotational transitions have been made for the vibrationally
excited states, including the first vibrationally excited torsional motion of the methyl rotor. A
more complete rotational analyses of vibrational states and treatment of the internal rotation of the
vibrationally excited states is possible with the currently available spectra and may be the subject

of future studies.
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SUPPLEMENTARY MATERIAL

Computational output files, least-squares fitting for all isotopologues, data distribution
plots for all non-standard isotopologues, xrefiteration outputs, equations used for calculating
determinable constants and BTE corrections, and tables of S-reduction, A-reduction, and
determinable constants, structural parameters, BTE corrections, and synthetic details are provided

in Appendix A.
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Table S-I.
methacrylonitrile
representation)

Experimental
isotopologue,

and computational
ground vibrational

spectroscopic constants for

state

CCSD(T)/ Current Work
cc-pCVTZ \ersion 2
Ao (MHz) 9253 9291.31630 (57)
Bo (MHz) 4143 4166.46243 (39)
Co (MHz) 2909 2924.62307 (37)
D; (kHz) 0.293 0.298408 (39)
Dk (kHz) 16.5 16.73021 (22)
Dk (kHz) —7.46 —7.7931 (22)
di (kHz) —-0.256 —0.264578 (19)
d2 (kHz) -0.225 —0.2332210 (80)
Hy (Hz) —-0.00217 —0.0022350 (50)
Hik (Hz) 0.0733 0.071840 (36)
Hks (Hz) —0.0463 —0.04219 (11)
Hk (Hz) —0.194 [-0.00194]
h1 (Hz) —-0.000172 —0.0001660 (30)
h2 (Hz) 0.00134 0.0013650 (20)
hs (Hz) 0.000418 0.0004240 (10)
V3 (MHz) 20607634. (17268)
V3 (cm™) 687.39 (57)
Dypizk (MHZ) —7.596 (80)
Dyi2- (MHz) ~1.001 (14)
Niines 2376
ofit (MHZz) 0.048

Ai (UA?)

~2.888108 (25)

(S-reduced Hamiltonian,

194

standard

|r



Table S-11. Experimental and computational spectroscopic constants for non-standard methacrylonitrile isotopologues, ground
vibrational state (A-reduced Hamiltonian, I representation)

[1-33C] [2-13C] [3-13C] [4-13C]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 8983 9020.071 (15) | 9252 9290.32 (11) 9016 9053.0230 (42) 9253 9291.1612 (74)
Bo (MHz2) 4102 4125.8648 (40) | 4135 4158.418 (25) 4091 4114.67031 (55) | 4113 4136.4437 (12)
Co (MH2) 2862 2877.49168 (21) | 2905 292060185 (32) | 2860 2875.37323 (23) | 2895 2909.84776 (22)
4 (kHz) 0.700 0.7305 (32) 0.734 0.794 (19) 0.764 0.78682 (22) 0.738 0.75817 (72)
Ay (kHz) 13.7 13.674 (48) 13.9 13.38 (30) 12.7 12.8131 (24) 13.4 13.638 (15)
Ak (kHz) -5.91 [-5.91] -5.27 [-5.27] -4.17 ~4.662 (12) —4.84 -5.10 (11)
5 (kHz) 0.241 0.2537 (16) 0.253 0.2800 (98) 0.269 0.27751 (11) 0.254 0.26118 (36)
5 (kHz) 8.28 8.3785 (79) 8.49 8.546 (41) 8.06 8.1856 (21) 8.31 8.4907 (90)
@, (H2) 0.000456 [0.000456] 0.000485 0.000493 (10) 0.000544 0.000565 (61) 0.000503 [0.000503]
Dy (Hz) 0.115 0.11558 (34) 0.120 0.12203 (59) 0.115 0.1166 (10) 0.115 0.11205 (57)
@ (H2) —0.224 [-0.224] —0.243 [-0.243] —0.24 ~0.3720 (74) -0.236 ~0.1936 (97)
@ (Hz) 0.125 [0.125] 0.145 [0.145] 0.152 [0.152] 0.143 [0.143]
é (Hz) 0.000224 [0.000224] 0.000237 [0.000237] 0.000265 0.000282 (30) 0.000246 [0.000246]
d (Hz) 0.0591 [0.0591] 0.0620 [0.0620] 0.0593 0.05936 (64) 0.0596 [0.0596]
& (H2) 0.243 [0.243] 0.265 [0.265] 0.241 0.1863 (49) 0.258 [0.258]
Niines 171 161 348 242
oiit (MHz) 0.046 0.047 0.048 0.051
Ai (UA?) ~2.88693 (15) ~2.89067 (97) —2.886846 (34) ~2.891852 (57)

S61



Table S-11 continued. Experimental and computational spectroscopic constants for non-standard methacrylonitrile isotopologues,
ground vibrational state (A-reduced Hamiltonian, 1" representation)

[*°N] [1-2Hcis] [1-2Hirans] [3-?Hani]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 9252 9289.46 (10) 8500 8535.428 (11) 8967 9004.6838 (83) 9084 9121.4543 (71)
Bo (MHz) 4000 4023.271 (21) 4134 4157.5686 (39) 3985 4007.96416 (88) 3968 3990.11748 (59)
Co (MHz) 2838 2853.15251 (28) | 2826 2841.08838 (59) 2803 2818.20879 (66) 2806 2821.09365 (61)
A; (kHz) 0.687 0.867 (23) 0.721 0.7362 (29) 0.625 0.64225 (42) 0.707 0.72896 (24)
Ax (kHz) 13.5 11.00 (37) 135 13.324 (89) 12.9 13.0220 (29) 111 11.2505 (24)
Ak (kHz) -4.89 [—4.89] —7.26 —5.89 (47) —4.54 —4.643 (61) —-1.14 —1.270 (51)
& (kHz) 0.233 0.320 (11) 0.255 0.2596 (15) 0.212 0.21750 (22) 0.248 0.25636 (13)
o (kHz) 8.27 8.051 (52) 8.14 8.080 (51) 7.71 7.8176 (90) 7.30 7.4274 (82)
@ (Hz) 0.000449 [0.000449] 0.000498 [0.000498] 0.000379 [0.000379] 0.000564 [0.000564]
Dy (Hz) 0.114 [0.114] 0.115 [0.115] 0.100 0.0963 (19) 0.0966 0.0972 (13)
& (Hz) —0.229 [-0.229] —-0.225 [-0.225] -0.196 —0.1827 (38) —0.209 —0.2108 (17)
&k (Hz) 0.137 [0.137] 0.124 [0.124] 0.109 [0.109] 0.147 [0.147]
¢ (Hz) 0.000219 [0.000219] 0.000245 [0.000245] 0.000187 [0.000187] 0.000276 [0.000276]
dk (H2) 0.0587 [0.0587] 0.0594 [0.0594] 0.0516 0.0408 (43) 0.0504 0.0444 (40)
& (Hz) 0.271 [0.271] 0.209 [0.209] 0.230 [0.230] 0.228 [0.228]
Niines 73 115 267 397
ofit (MHz) 0.049 0.042 0.043 0.044
Ai (UA?) —2.88741 (88) —2.88377 (14) —2.89139 (72) —2.920267 (61)
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Table S-11 continued. Experimental and computational spectroscopic constants for non-standard

methacrylonitrile

representation)

isotopologues,

ground vibrational

[3‘2Hgauche]

CCSD(T) Present Work

Ao (MHz) 8627 8662.2956 (50)
Bo (MHz) 4086 4109.80874 (48)
Co (MHz) 2840 2855.08247 (52)
Ay (kHz) 0.800 0.82388 (21)
Ak (kHz) 12.4 12.6232 (20)
Ak (kHz) -5.30 —5.552 (32)
0y (kHz) 0.285 0.29476 (12)
o (kH2) 7.69 7.8357 (60)

@y (Hz) 0.000490 [0.000490]
@i (Hz) 0.115 0.1110 (12)
@i (Hz) —-0.235 —0.2275 (15)
ax (Hz) 0.144 [0.144]

¢ (Hz) 0.000236 [0.000236]
¢ (Hz) 0.0594 0.0614 (30)

o (Hz2) 0.210 [0.210]

Niines 408

ofit (MHz) 0.037

Ai (UA?)

~4.301071 (49)

state (A-reduced Hamiltonian,

|r



Table S-11 continued. Experimental and computational spectroscopic constants for non-standard methacrylonitrile isotopologues,
ground vibrational state (A-reduced Hamiltonian, 1" representation)

[1,1-2H] [1-?Hcis, 3-?Hanti] [1-2Hcis, 3-?Hgauche] [1-2Htrans, 3-?Hanti]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 8282 8317.003 (10) 8338 8372.5550 (62) 7946 7979.3456 (42) 8771 8807.6316 (68)
Bo (MHz) 3975 3997.7284 (40) 3963 3985.17468 (57) | 4080 4103.43120 (52) | 3833 3854.66817 (66)
Co (MH2) 2728 2742.22544 (54) | 2728 2742.7013 (10) | 2759 2773.78490 (54) | 2709 2723.42121 (60)
Ay (kHz) 0.616 0.6147 (33) 0.686 0.70974 (65) 0.771 0.79541 (23) 0.593 0.61207 (25)
A (KHz) 12.4 11.893 (70) 11.1 11.1682 (23) 12.2 12.3873 (20) 10.8 10.9414 (28)
Ak (kHz) —6.32 ~2.58 (44) -3.62 -3.717 (34) ~6.95 ~7.148 (24) -1.66 ~1.963 (47)
& (kHz) 0.215 0.2116 (17) 0.25 0.25453 (17) 0.281 0.29102 (13) 0.204 0.21063 (13)
& (KHz) 7.37 7.067 (44) 7.03 7.1678 (66) 7.40 7.5197 (49) 6.75 6.8610 (76)
@; (Hz) 0.000398 [0.000398] 0.000531 0.00158 (26) 0.000465 [0.000465] 0.000388 [0.000388]
@i (Hz) 0.0957 [0.0957] 0.0938 0.0919 (14) 0.110 0.1094 (12) 0.0833 0.0870 (14)
&) (Hz) —0.183 [-0.183] -0.196 -0.1955 (19) -0.219 —0.2213 (17) -0.173 —0.1486 (58)
@ (Hz) 0.0952 [0.0952] 0.127 [0.127] 0.126 [0.126] 0.109 [0.109]
& (H2) 0.000197 [0.000197] 0.000262 [0.000262] 0.000226 [0.000226] 0.000191 [0.000191]
éx (Hz) 0.0493 [0.0493] 0.0487 0.0553 (30) 0.0566 0.0526 (22) 0.0432 0.0341 (34)
& (H2) 0.184 [0.184] 0.180 [0.180] 0.165 [0.165] 0.199 [0.199]
Niines 107 370 399 328
ofit (MHz) 0.042 0.043 0.040 0.040
Ai (uA?) —2.88589 (15) ~2.912921 (83) ~4.297658 (51) ~2.920277 (64)
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Table S-11 continued. Experimental and computational spectroscopic constants for non-standard methacrylonitrile isotopologues,
ground vibrational state (A-reduced Hamiltonian, 1" representation)

[1'2Htrans, 3'2Hgauche]

[3'2Hanti, 3'2Hgauche]

[3'2Hgauche, 3'2Hgauche]

[111'2H| 3'ZHanti]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 8347 8381.8612 (46) 8504 8538.1328 (49) | 8100 8133.5658 (58) 8095 8128.2452 (51)
Bo (MHz) 3940 3961.92121 (45) | 3914 3936.49164 (45) | 4025 4048.02050 (64) | 3827 3848.57372 (52)
Co (MH2) 2739 2753.33029 (48) | 2744 2758.09552 (55) | 2778 2792.25657 (60) 2638 2651.83802 (33)
Ay (kHz) 0.658 0.67809 (17) 0.761 0.78520 (18) 0.826 0.84853 (26) 0.580 0.59819 (20)
A (kHz) 12.0 12.2014 (17) 9.92 10.0509 (18) 111 11.2360 (25) 10.6 10.6939 (12)
Ak (kHz) -5.32 ~5.534(28) -1.55 -1.771 (33) ~5.04 ~5.290 (33) -3.81 -3.997 (30)
& (kHz) 0.229 0.23670 (10) 0.276 0.28515 (10) 0.299 0.30820 (14) 0.205 0.21137 (10)
& (kHz) 7.11 7.2407 (52) 6.60 6.7125 (59) 6.64 6.7276 (67) 6.49 6.6091 (22)
@; (Hz) 0.000353 [0.000353] 0.000600 [0.000600] 0.000529 [0.000529] 0.000384 0.000426 (21)
@i (Hz) 0.096 0.09243 (99) 0.0916 0.0897 (10) 0.103 0.1023 (15) 0.0803 0.0809 (13)
&) (Hz) -0.183 -0.1813 (14) -0.201 -0.1983 (14) -0.210 —0.2091 (28) -0.162 —0.1643 (36)
@ (Hz) 0.0996 [0.0996] 0.143 0.143264 0.129 [0.129] 0.0941 [0.0941]
& (H2) 0.000171 [0.000171] 0.000291 0.0002913 0.000253 [0.000253] 0.000190 [0.000190]
o (Hz) 0.0495 0.0510 (23) 0.0482 0.0452 (26) 0.0545 0.0516 (32) 0.0415 0.04246 (57)
o (Hz) 0.186 [0.186] 0.183 0.182526 0.152 [0.152] 0.159 0.1670 (57)
Niines 430 424 335 458
ofit (MHz) 0.037 0.036 0.042 0.046
Ai (uA?) ~4.301541 (48) ~4.33914 (52) ~5.987907 (62) ~2.914705 (49)
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Table S-11 continued. Experimental and computational spectroscopic constants for non-standard methacrylonitrile isotopologues,
ground vibrational state (A-reduced Hamiltonian, 1" representation)

[1,1-2H, 3'2Hgauche]

[1'2Hcis, 3'2Hanti, 3'2Hgauche]

[1'2Hcis, 3'2Hgauche, 3'2Hgauche]

[1'2Htrans, 3'2Hanti, 3'2Hgauche]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work

Ao (MHz) | 7729 7761.8471 (23) 7827 7859.1776 (27) 7479 7509.9623 (47) 8199 8233.2754 (36)
Bo (MH2z) 3932 3953.97836 (32) 3911 3933.18242 (31) 4021 4043.87547 (62) 3789 3810.33797 (37)
Co (MHz) | 2665 2679.26496 (25) | 2668 2681.62402 (27) 2699 2712.88299 (34) | 2651 2664.41880 (27)
4; (kHz) 0.641 0.66189 (13) 0.737 0.76080 (13) 0.794 0.81649 (26) 0.629 0.64866 (13)
Ax (kHz) 11.6 11.79469 (57) 9.84 9.94597 (60) 10.9 11.0224 (14) 9.98 10.10814 (86)
Ak (kHz) —6.69 —6.8989 (67) -3.50 —3.6498 (77) —6.37 —6.538 (23) -2.51 -2.763 (16)

& (kHz) 0.229 0.236988 (78) 0.274 0.283066 (76) 0.294 0.30369 (13) 0.223 0.230147 (72)
& (kH2) 6.81 6.9331 (11) 6.35 6.4612 (13) 6.43 6.5210 (19) 6.20 6.3146 (15)

@y (Hz) 0.000369 0.000494 (38) 0.000548 0.000514 (37) 0.000473 0.000461 (21) 0.000394 0.000368 (15)
@i (Hz) 0.0910 0.09127 (41) 0.0889 0.08882 (42) 0.0992 0.0971 (14) 0.0795 0.07900 (88)
@ (Hz) -0.172 —0.1755 (15) —0.192 —0.1925 (16) —-0.201 —0.2006 (38) —0.164 —0.1675 (24)
@ (Hz) 0.0879 [0.0879] 0.128 [0.128] 0.118 [0.118] 0.102 [0.102]

# (Hz) 0.000181 0.000227 (20) 0.000268 0.000250 (19) 0.000229 [0.000229] 0.000191 [0.000191]

¢k (Hz) 0.0470 0.04748 (31) 0.0463 0.04623 (34) 0.0521 0.05099 (64) 0.0414 0.04097 (40)

o (Hz) 0.148 0.1547 (23) 0.142 0.1444 (25) 0.118 0.1166 (43) 0.161 0.1670 (39)

Niines 787 844 425 620

oiit (MHz) 0.041 0.042 0.047 0.042

Ai (UA?) —4.299991 (28) —4.335376 (31) —5.979871 (52) —4.339125 (35)
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Table S-11 continued. Experimental and computational spectroscopic constants for non-standard methacrylonitrile isotopologues,
ground vibrational state (A-reduced Hamiltonian, 1" representation)

[1-2Hirans, 3-?Hgauche, 3-2Hgauche] [3,3,3-?H] [1,1-°H, 3-?Hanti, 3-?Hgauche] [1,1-2H, 3-?Hgauche, 3-2Hgauche]
CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work

Ao (MHz) | 7825 7857.5701 (49) | 8011 8043.2251 (57) 7587 7618.2151 (27) 7262 7292.4000 (20)
Bo (MH2z) 3889 3910.99132 (56) | 3857 3878.61251 (55) 3784 3805.86045 (24) 3883 3905.23085 (31)
Co(MHz) | 2681 2694.63682 (33) | 2687 2700.97991 (34) | 2581 2594.46930 (21) | 2609 2622.19322 (23)
4; (kHz) 0.669 0.68654 (24) 0.785 0.80753 (21) 0.612 0.630830 (81) 0.647 0.66476 (11)
Ax (kHz) 11.0 11.2142 (12) 8.74 8.8726 (12) 9.76 9.87864 (40) 10.7 10.86299 (49)
Ak (kHz) -5.58 —5.843 (28) -1.66 ~1.876 (34) —4.17 -4.301 (11) —6.66 —6.8447 (41)
& (kHz) 0.236 0.24217 (12) 0.289 0.29730 (11) 0.222 0.229410 (47) 0.234 0.240657 (66)
o (kHz) 6.25 6.3371 (20) 5.67 5.7471 (22) 5.96 6.07146 (90) 6.03 6.12134 (89)

@y (Hz) 0.000357 0.000389 (22) 0.000656 0.000645 (22) 0.000381 0.000348 (22) 0.000358 0.000232 (29)
@i (Hz) 0.0864 0.0854 (13) 0.0814 0.0812 (14) 0.0764 0.07467 (27) 0.0826 0.08157 (24)
@x; (Hz) -0.162 ~0.1622 (36) -0.178 ~0.1766 (43) ~0.155 ~0.1493 (11) —0.154 —0.15003 (95)
@ (Hz) 0.0850 [0.0850] 0.126 [0.126] 0.0902 0.139 (17) 0.0772 [0.0772]

# (Hz) 0.000171 [0.000171] 0.000317 [0.000317] 0.000187 0.000168 (11) 0.000174 0.000108 (15)
¢k (Hz) 0.0457 0.04610 (58) 0.0441 0.04353 (62) 0.0396 0.03890 (22) 0.0434 0.04272 (21)

o (Hz) 0.137 0.1516 (52) 0.132 0.1354 (68) 0.128 0.1270 (14) 0.109 0.1064 (12)

Niines 460 447 1320 1032

oiit (MHz) 0.045 0.045 0.038 0.043

Ai (UA?) —5.987696 (50) —6.022295 (54) —4.337029 (30) —5.981527 (27)
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Table S-11 continued. Experimental and computational spectroscopic constants for non-standard methacrylonitrile isotopologues,
ground vibrational state (A-reduced Hamiltonian, 1" representation)

[1-Hqis, 3,3,3-2H] [1-?Hirans, 3,3,3-2H] [1,1,3,3,3-?H] [1,1,3,3,3-?H, 1-3C]
CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work

Ao (MHz) 7392 7421.9316 (30) 7714 7745.4763 (25) 7154 7183.19513 (65) 6980 7009.271 (14)
Bo (MH2) 3855 3876.71022 (31) | 3741 3761.86174 (29) 3738 3758.87771 (10) 3712 3733.1798 (25)
Co (MH2) 2612 2626.14133 (25) | 2597 2610.83600 (24) | 2529 2542.271244 (76) 2496 2508.52903 (35)
Ay (kHz) 0.761 0.78374 (11) 0.642 0.660289 (98) 0.622 0.640849 (49) 0.588 0.71978 (95)
A (KHz) 8.63 8.74011 (52) 9.08 9.21772 (45) 8.87 8.99239 (19) 8.94 7.731 (19)
Ak (kHz) -3.19 -3.285(12) -2.92 —3.1406 (62) —4.21 ~4.3594 (33) ~4.67 [~4.67]

& (kHz) 0.287 0.296177 (64) 0.230 0.236999 (58) 0.229 0.236117 (25) 0.216 0.27967 (47)
o (kHz) 5.49 5.5712 (10) 5.43 5.5088 (10) 5.26 5.33611 (28) 5.20 5.0852 (76)
@y (Hz) 0.000584 0.000534 (31) 0.000413 0.000401 (23) 0.000387 0.000400 (12) 0.000349 [0.000349]
@i (Hz) 0.0797 0.07805 (34) 0.0715 0.07100 (30) 0.0691 0.06810 (11) 0.0668 0.07003 (73)
@x; (Hz) -0.174 ~0.1675 (14) ~0.144 ~0.1423 (11) ~0.138 ~0.13494 (46) ~0.130 ~0.1712 (92)
@ (Hz) 0.118 0.155 (18) 0.0868 [0.0868] 0.0799 0.1054 (54) 0.0708 [0.0708]

# (Hz) 0.000285 0.000257 (15) 0.000199 0.000190 (11) 0.000189 0.0001902 (62) 0.000171 [0.000171]
¢k (Hz) 0.0424 0.04177 (27) 0.0382 0.03759 (24) 0.0365 0.035997 (99) 0.0352 [0.0352]

o (Hz) 0.103 0.1012 (15) 0.118 0.1185 (19) 0.0941 0.09507 (64) 0.0886 [0.0886]

Niines 1047 1097 1725 123

oiit (MHz) 0.043 0.043 0.037 0.046

Ai (UA?) —6.013842 (35) —6.021270 (29) —6.014824 (9) —6.01217 (17)
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Table S-11 continued. Experimental and computational spectroscopic constants for non-standard methacrylonitrile isotopologues,
ground vibrational state (A-reduced Hamiltonian, 1" representation)

[1,1,3,3,3-2H, 2-33C]

[1,1,3,3,3-2H, 3-3C]

[1,1,3,3,3-2H, 4-13C]

[1,1,3,3,3-2H, °N]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work

Ao (MHz) 7153 7182482 (79) 7021 7050.341 (13) 7154 7182.98 (74) 7152 [7181.76]
Bo (MH2) 3734 3754.117 (23) 3700 3720.9253 (65) 3708 3729.21 (20) 3611 3631.3134 (60)
Co (MHz) 2527 2540.25827 (41) 2495 2508.18775 (34) 2516 2528.68030 (84) 2470 2483.03392 (49)
45 (kHz) 0.617 0.623 (13) 0.642 0.6997 (16) 0.617 0.603 (12) 0.576 0.5530 (32)
A (kH2) 8.92 8.78 (15) 8.17 7.848 (16) 8.63 8.60 (11) 8.77 8.803 (31)
A (KH2) -4.25 [-4.25] -3.50 [-3.50] -3.97 [-3.97] —4.09 [~4.09]

& (kHz) 0.227 0.2366 (70) 0.240 0.26673 (82) 0.226 0.2293 (60) 0.209 0.2047 (16)
5 (kH2) 5.27 5.257 (21) 5.02 5.0332 (34) 5.15 [5.14] 5.17 [5.17]

@, (H2) 0.000374 [0.000374] 0.000413 [0.000413] 0.000390 [0.000390] 0.000351 [0.000351]
@y (H2) 0.0693 [0.0693] 0.0668 0.06840 (60) 0.0660 [0.0660] 0.0659 [0.0659]

@ (H2) -0.139 [-0.139] -0.139 [-0.139] -0.133 [-0.133] -0.131 [-0.131]

@ (H2) 0.0803 [0.0803] 0.0846 [0.0846] 0.0776 [0.0776] 0.0750 [0.0750]

# (Hz) 0.000183 [0.000183] 0.000202 [0.000202] 0.000191 [0.000191] 0.000171 [0.000171]
dw (H2) 0.0366 [0.0366] 0.0353 [0.0353] 0.0350 [0.0350] 0.0348 [0.0348]

e (H2) 0.0945 [0.0945] 0.0870 [0.0870] 0.0925 [0.0925] 0.0992 [0.0992]

Niines 38 100 24 39

oiit (MHz) 0.047 0.047 0.048 0.056

Ai (UA?) —6.0133 (11) —6.01059 (27) —6.018 (10) —6.0094 (98)
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Table S-111. Experimental and computational spectroscopic constants for methacrylonitrile isotopologues, ground vibrational state (S-
reduced Hamiltonian, 1" representation)

[1_13C] [2_13C] [3_13C] [4_130]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) | 8983 9020.083 (15) 9252 9290.38 (15) 9016 9053.0262 (44) 9253 9291.1635 (78)
Bo (MHz) | 4102 4125.8424 (39) 4135 4158.383 (33) 4091 4114.65224 (45) 4113 4136.4250 (13)
Co(MHz) | 2862 2877.50747 (20) | 2905 2920.61811 (34) | 2860 2875.38850 (23) 2895 2909.86401 (29)
D; (kHz) 0.241 0.2542 (36) 0.286 0.317 (28) 0.323 0.330013 (68) 0.304 0.30659 (61)
Dik (kHz) 16.5 16.536 (51) 16.5 16.36 (41) 15.3 15.5557 (27) 16.0 16.344 (18)
Dk (kHz) -8.21 [-8.21] -7.51 [-7.51] -6.37 —6.932 (12) -7.01 ~7.29 (11)
d; (kHz) -0.241 —0.2524 (16) -0.253 -0.271 (12) -0.269 -0.277250 (59) -0.254 —0.26097 (36)
dz (kHz) -0.230 -0.23690 (23) -0.224 —0.2304 (16) -0.220 —0.228144 (59) -0.217 —0.22568 (23)
H; (Hz) -0.00214  [-0.00214] —0.00217 —0.002163 (11) -0.00217 —0.002310 (29) -0.00204 —0.002279 (61)
Hik (Hz) 0.0684 0.06609 (34) 0.0731 0.07096 (88) 0.0722 0.0824 (12) 0.0701 0.0752 (20)
Hys (Hz) -0.0305 [-0.0305] —0.0462 [-0.0462] -0.0567 -0.2017 (92) —0.0475 [-0.0475]
Hk (Hz) -0.0192 [-0.0192] -0.00177 [-0.00177] 0.0141 [0.0141] 0.00207 [0.00207]
h; (Hz) -0.000206  [-0.000206] -0.000179  [-0.000179] -0.000138  [-0.000138] -0.000148  [~0.000148]
h, (Hz) 0.00130 [0.00130] 0.00133 [0.00133] 0.00136 0.001357 (16) 0.00127 0.001395 (30)
hs (Hz) 0.000430 [0.000430] 0.000417 [0.000417] 0.000403 0.0003455 (62) 0.000394 [0.000394]
Niines 171 161 348 242
ofit (MHz) 0.046 0.047 0.050 0.051
Ai (UA?) —2.88848 (15) —2.8923 (13) —2.888299 (33) —2.893361 (62)
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Table S-111 continued.

vibrational state (S-reduced Hamiltonian, I" representation)

Experimental and computational spectroscopic constants for methacrylonitrile isotopologues, ground

[*N] [1-*Heig] [1-*Hurans] [3-?Hant]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 9252 9289.40 (12) 8500 8535.431 (11) 8967 9004.7012 (97) 9084 9121.4623 (78)
Bo (MHz) 4000 4023.260 (24) 4134 4157.5517 (38) | 3985 4007.94913 (91) [ 3968 3990.10201 (59)
Co (MHz) 2838 2853.16809 (37) | 2826 2841.10356 (56) | 2803 2818.22159 (54) | 2806 2821.10674 (47)
D, (kHz) 0.282 0.475 (29) 0.198 0.2086 (26) 0.222 0.22603 (37) 0.341 0.34864 (21)
Duk (kHz) 15.9 13.20 (45) 16.7 16.48 (10) 153 15.5158 (20) 13.3 13.5289 (13)
Dk (kHz) —6.92 [-6.92] -9.88 —8.53 (47) —6.56 —6.695 (61) -2.98 —3.143 (49)
di (kHz) -0.233 —0.324 (13) -0.255 —0.2596 (15) -0.212 —0.21811 (21) -0.248 -0.25647 (12)
dz (kHz) -0.203 ~0.2000 (16) -0.261 -0.2639 (16) —0.202 ~0.20773 (23) -0.183 —0.18977 (21)
H; (Hz) -0.00189 [~0.00189] —0.00244 [—0.00244] —0.00176 [—0.00176] -0.00163 [—0.00163]
Hik (Hz) 0.0685 0.0553 (17) 0.0687 [0.0687] 0.0590 0.0567 (12) 0.0612 0.05992 (81)
Hki (Hz) -0.0431 [-0.0431] -0.0254 [—0.0254] -0.0269 [—0.0269] -0.0577 —0.0568 (15)
Hk (Hz) —0.000959  [-0.000959] -0.0259 [—0.0259] -0.0169 [—0.0169] 0.0333 [0.0333]
h: (Hz) —0.000145  [-0.000145] -0.000271 [—0.000271] —0.000166 [—0.000166] —0.0000288 [—0.0000288]
hz (Hz) 0.00117 [0.00117] 0.00147 [0.00147] 0.00107 0.00074 (11) 0.00110 0.00092 (10)
hs (Hz) 0.000364 [0.000364] 0.000516 [0.000516] 0.000353 [0.000353] 0.000305 [0.000305]
Niines 73 115 267 397
orit (MHz) 0.048 0.042 0.044 0.044
Ai (UA?) —2.8891 (10) —2.88519 (14) —2.892569 (75) —2.921541 (59)
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Table S-I111

methacrylonitrile

representation)

continued.

isotopologues,

[3'2Hgauche]

CCSD(T) Present Work
Ao (MHz) 8627 8662.2963 (75)
Bo (MHz) 4086 4109.79230 (54)
Co (MHz) 2840 2855.09844 (85)
D; (kHz) 0.343 0.35046 (65)
Dik (kHz) 15.2 15.4695 (14)
Dk (kHz) —7.58 —7.903 (51)
di (kHz) —0.285 —0.29454 (15)
d2 (kHz) —0.228 —0.23727 (21)
Hj (Hz) —0.00246 —0.00214 (28)
Hik (Hz) 0.0751 0.07135 (85)
Hki (Hz) —0.0584 —0.0489 (13)
Hk (Hz) 0.0101 0.0100628
h1 (Hz) —0.000190 —0.0001896
h2 (Hz) 0.00148 0.00155 (14)
hs (Hz) 0.000426 0.000400 (63)
Niines 408
ofit (MHz) 0.036

Ai (UA?)

~4.302548 (75)

state (S-reduced Hamiltonian,

206

Experimental and computational spectroscopic constants for
ground vibrational
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Table S-111 continued.

Experimental and computational spectroscopic constants for methacrylonitrile isotopologues, ground
vibrational state (S-reduced Hamiltonian, I" representation)

[1,1-°H] [1-2Hcis, 3-2Hanii] [1-2Hcis, 3-?Hgauche] [1-*Hirans, 3-*Hanti]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 8282 8317.002 (10) 8338 8372.5638 (59) 7946 7979.3479 (49) 8771 8807.6456 (77)
Bo (MHz) 3975 3997.7138 (39) 3963 3985.15953 (57) 4080 4103.41515 (53) 3833 3854.65343 (68)
Co (MHz) 2728 2742.23883 (51) | 2728 2742.71271 (44) 2759 2773.79952 (91) 2709 2723.43244 (46)
D; (kHz) 0.156 0.1667 (21) 0.257 0.26383 (21) 0.239 0.24553 (66) 0.253 0.25950 (22)
Dk (kHz) 15.2 14.589 (84) 13.6 13.8358 (14) 154 15.6895 (14) 12.9 13.0435 (19)
Dk (kHz) —8.62 —4.89 (44) -5.76 =5.901 (31) -9.61 —9.890 (24) -3.36 —3.647 (46)
d; (kHz) -0.215 -0.2117 (17) —-0.247 —0.25478 (12) —0.281 —0.29088 (17) —-0.204 —0.21076 (13)
dz (kHz) —0.230 —0.2242 (13) -0.214 —0.22236 (18) —0.266 —0.27522 (18) —0.170 —0.17564 (19)
H; (Hz) —0.00194 [-0.00194] —0.00192 [-0.00192] —0.00276 —0.00227 (26) —0.00143 [-0.00143]
Hix (Hz) 0.0554 [0.0554] 0.0591 0.05985 (97) 0.0708 0.06805 (98) 0.0512 0.0538 (11)
Hks (Hz) —0.0137 [-0.0137] —0.0437 —0.0436 (17) —0.0408 —0.0384 (17) —0.0390 [-0.0390]
Hk (Hz) —0.0316 [-0.0316] 0.0121 [0.0121] —0.0103 [-0.0103] 0.00838 [0.00838]
h: (Hz) —0.000227  [-0.000227] —0.000114 [-0.000114] —0.000298 [-0.000298] —0.00008 [-0.00008]
h2 (Hz) 0.00117 [0.00117] 0.00123 0.001516 (86) 0.00161 0.001495 (88) 0.000908 0.000678 (89)
hs (Hz) 0.000424 [0.000424] 0.000376 [0.000376] 0.000524 [0.000524] 0.000271 [0.000271]
Niines 107 370 399 328
ofit (MHz) 0.042 0.043 0.040 0.042
Ai (UA?) —2.88726 (15) —2.914106 (55) —4.299082 (73) —2.921452 (64)
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Table S-111 continued.

vibrational state (S-reduced Hamiltonian, I" representation)

Experimental and computational spectroscopic constants for methacrylonitrile isotopologues, ground

[1'2Htrans. 3'2Hgauche]

[3'2Hanti, 3'2Hgauche]

[S‘ZHgauche, 3‘2Hgauche]

[1,1'2H, 3'2Hanti]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work

Ao (MHz) 8347 8381.8630 (53) 8504 8538.1359 (58) 8100 8133.5728 (68) 8095 8128.2478 (49)
Bo (MHz) 3940 3961.90597 (46) 3914 3936.47757 (45) | 4025 4048.00634 (64) 3827 3848.55980 (51)
Co (MHz) 2739 2753.34444 (79) 2744 2758.10829 (86) | 2778 2792.2682 (10) 2638 2651.85034 (33)
D; (kHz) 0.238 0.24314 (55) 0.394 0.40445 (60) 0.392 0.40000 (80) 0.188 0.19293 (16)
Dk (kHz) 14.6 14.8135 (11) 12.1 12.3362 (11) 13.7 13.9245 (17) 12.9 13.1256 (14)
Dk (kHz) —7.42 —=7.700 (27) -3.39 —3.664 (33) -7.21 —7.513 (33) -5.76 —6.018 (29)
d; (kHz) —-0.229 —0.23659 (13) -0.276 —0.28511 (14) —0.299 —0.30830 (19) —-0.205 —0.21139 (10)
dz (kHz) —0.210 —0.21770 (16) —0.184 —0.19043 (17) -0.217 —0.22394 (23) —0.196 —0.202665 (67)
Hj (Hz2) —0.00198 —0.00192 (21) —0.00180 —0.00161 (23) —0.00253 —-0.00261 (33) —-0.00162 —0.001663 (34)
Hik (Hz) 0.0589 0.05580 (70) 0.0624 0.05923 (65) 0.0746 0.0730 (11) 0.0489 0.04809 (87)
Hks (Hz) —0.0261 —0.0220 (12) —0.0680 —0.0621 (12) —0.0706 —-0.0669 (27) —0.0273 —-0.0228 (15)
Hk (Hz) —0.0186 [-0.0186] 0.0414 [0.0414] 0.0206 0.020643 —-0.00731 [-0.00731]

hy (Hz) —0.000203 [-0.000203] —0.0000127 [-0.0000127] —0.000127 —-0.0001266 —-0.000137 [-0.000137]

h, (Hz) 0.00117 0.001230 (75) 0.00120 0.001126 (81) 0.00153 0.00142 (11) 0.00100 0.001064 (21)
hs (Hz) 0.000375 [0.000375] 0.000304 [0.000304] 0.000380 0.0003796 0.000328 0.0003501 (91)
Niines 430 424 335 458

ofit (MHz) 0.037 0.036 0.042 0.046

Ai (UA?) —4.302962 (67) —4.340426 (71) —5.989044 (85) —2.916046 (48)
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Table S-111 continued.
vibrational state (S-reduced Hamiltonian, I" representation)

Experimental and computational spectroscopic

constants for methacrylonitrile isotopologues, ground

[1,1-2H, 3-?Hgauche] [1-2Hcis, 3-?Hanti, 3-Hgauche] [1-2Hcis, 3-?Hgauche, 3->Hgauche] [1-?Hirans, 3-?Hanti, 3-?Hgauche]
CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 7729 7761.8518 (23) 7827 7859.1820 (26) 7479 7509.9655 (46) 8199 8233.2777 (34)
Bo (MHz) 3932 3953.96421 (33) 3911 3933.16927 (31) 4021 4043.86144 (61) 3789 3810.32470 (36)
Co (MHz) 2665 2679.27762 (25) 2668 2681.63589 (26) 2699 2712.89483 (33) 2651 2664.43064 (27)
D; (kHz) 0.161 0.165098 (97) 0.308 0.316907 (92) 0.285 0.29129 (21) 0.279 0.28664 (11)
Dik (kHz) 14.5 14.77746 (35) 12.4 12.61123 (34) 13.9 14.1732 (17) 12.1 12.28023 (96)
Dk (kHz) -9.09 —9.3778 (63) —=5.65 —5.8642 (73) —8.91 —9.157 (22) —4.25 —4.567 (15)
d; (kHz) —0.229 —0.237141 (80) —-0.273 —0.283203 (77) —0.294 —0.30368 (14) —0.223 —0.230152 (72)
d2 (kHz) —0.240 —(0.248548 (43) -0.214 —0.222088 (45) —0.254 —0.262598 (78) —0.175 —0.181033 (43)
H; (Hz) —0.00216 —0.002110 (23) —0.00213 —0.002193 (21) —0.00290 —0.002895 (49) —0.00158 —0.001613 (22)
Hik (Hz) 0.0549 0.05448 (11) 0.0610 0.06090 (10) 0.0717 0.0691 (11) 0.0516 0.04968 (59)
Hks (Hz) —0.0135 —0.01159 (35) —0.0584 —0.05686 (35) —0.0585 —0.0570 (25) —0.0414 —0.0396 (10)
Hk (Hz) —0.0316 [-0.0316] 0.0256 [0.0256] 0.00650 [0.00650] 0.00900 [0.00900]
h: (Hz) —0.000270 —0.000207 (18) —0.000103 —0.000092 (17) —0.000244  [-0.000244] —0.0000888  [—0.0000888]
h2 (Hz) 0.00126 0.001343 (12) 0.00134 0.001392 (12) 0.00169 0.001679 (31) 0.000989 0.001004 (13)
hs (Hz) 0.000451 0.0004817 (45) 0.000371 0.0003871 (45) 0.000472 0.000478 (11) 0.000280 0.0002961 (53)
Niines 787 844 425 620
it (MHz) 0.042 0.042 0.047 0.042
Ai (UA?) —4.301301 (28) —4.336604 (30) —5.981089 (51) —4.340413 (34)
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Table S-111 continued.

Experimental and computational spectroscopic

vibrational state (S-reduced Hamiltonian, I" representation)

constants for methacrylonitrile isotopologues, ground

[1-?Hirans, 3-?Hgauche, 3-*Hgauche] [3,3,3-2H] [1,1-2H, 3-?Hani, 3-?Hgauche] [1,1-2H, 3-?Hgauche, 3-*Hgauche]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MHz) 7825 7857.5728 (48) 8011 8043.2271 (57) 7587 7618.2159 (18) 7262 7292.4046 (19)
Bo (MHz) 3889 3910.97798 (55) 3857 3878.60036 (54) 3784 3805.84809 (23) 3883 3905.21835 (31)
Co (MHz) 2681 2694.64853 (33) 2687 2700.99062 (34) 2581 2594.48052 (19) 2609 2622.20420 (23)
D; (kHz) 0.259 0.26357 (19) 0.440 0.45164 (18) 0.209 0.215010 (53) 0.174 0.177589 (80)
Dk (kHz) 135 13.7523 (15) 10.8 11.0080 (14) 12.2 12.37513 (17) 13.5 13.78757 (27)
Dk (kHz) —-7.63 =7.952 (27) -3.39 —3.652 (34) —6.18 —6.4057 (40) -9.02 —9.2780 (38)
d; (kHz) -0.236 —0.24221 (12) —0.289 —0.29730 (11) -0.222 —0.229573 (46) -0.234 —0.240815 (66)
dz (kHz) —0.205 —0.211548 (69) —0.173 —0.177961 (71) —0.201 —0.208057 (28) —0.236 —0.243718 (35)
H; (Hz) —0.00206 —0.002085 (37) —0.00180 —0.001822 (36) —0.00179 —0.001796 (10) —-0.00226 —-0.002371 (17)
Hik (Hz) 0.0582 0.05414 (93) 0.0612 0.06018 (90) 0.0493 0.049106 (44) 0.0544 0.054523 (77)
Hk; (Hz) —-0.0319 —0.0199 (20) —-0.0736 —0.0689 (17) —0.0318 —-0.030702 (91) —-0.0207 —0.01940 (15)
Hk (Hz) —-0.0147 [-0.0147] 0.0444 [0.0444] —0.00334 [-0.00334] —-0.0250 [-0.0250]
hy (Hz) —0.000179 [-0.000179] 0.0000511 [0.0000511] —0.000151 —0.0001243 (89) —-0.000255 —0.000283 (14)
h, (Hz) 0.00121 0.001271 (23) 0.00123 0.001241 (24) 0.00108 0.0011160 (69) 0.00131 0.0013379 (94)
hs (Hz) 0.000351 0.0003886 (98) 0.000266 0.000276 (10) 0.000338 0.0003444 (23) 0.000429 0.0004361 (30)
Niines 460 447 1320 1032
ofit (MHz) 0.045 0.045 0.037 0.043
Ai (UA?) —5.988930 (49) —6.023430 (54) —4.338295 (23) —5.982704 (27)
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Table S-111 continued.

vibrational state (S-reduced Hamiltonian, 1" representation)

Experimental and computational spectroscopic constants for methacrylonitrile isotopologues, ground

[1-2Hcis, 3,3,3-2H] [1-?Hirans, 3,3,3-2H] [1,1,3,3,3-?H] [1,1,3,3,3-2H, 1-:3C]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work
Ao (MH2) 7392 7421.9306 (20) 7714 7745.4801 (24) 7154 7183.19528 (38) 6980 7009.2875 (95)
Bo (MHz) 3855 3876.69826 (18) 3741 3761.85039 (18) 3738 3758.866518 (98) 3712 3733.1688 (25)
Co (MHz) 2612 2626.15179 (20) 2597 2610.84628 (21) 2529 2542.281042 (73) 2496 2508.53813 (27)
D; (kHz) 0.356 0.366319 (60) 0.305 0.312718 (56) 0.232 0.238602 (40) 0.185 0.3181 (10)
Dk (kHz) 11.1 11.24550 (25) 11.1 11.30451 (24) 11.2 11.40663 (12) 114 10.162 (11)
Dk (kHz) -5.21 —5.3951 (42) —4.61 —4.8745 (56) —6.16 —6.3828 (10) —6.68 [-6.68]
di (kHz) -0.289 —0.296207 (18) —0.230154 —0.237036 (16) —-0.229 —0.236206 (23) -0.216 —0.27951 (46)
d; (kHz) —0.202 —0.208775 (30) —0.169 —0.173841 (29) —0.195 —0.201207 (10) —0.201 —0.200643 (85)
H; (Hz) -0.00217 —-0.002224 (10) —-0.00162 —0.0016402 (92) —0.00185 —0.0018376 (77) —-0.00183 [-0.00183]
Hix (Hz) 0.0609 0.060896 (63) 0.0507 0.050604 (57) 0.0489 0.048774 (31) 0.0460 0.04150 (44)
Hks (Hz) —0.0695 —0.06807 (14) —0.0442 —0.04235 (15) —-0.0374 —0.036254 (56) -0.0276 [-0.0276]
Hk (Hz) 0.0352 [0.0352] 0.00973 [0.00973] 0.00140 [0.00140] —0.00827 [-0.00827]
h: (Hz) —0.0000408  [-0.0000408] —0.000057  [-0.000057] —0.000123 —0.0000966 (49) —-0.000157  [-0.000157]
h2 (Hz) 0.00138 0.0014048 (73) 0.00102 0.0010321 (68) 0.00112 0.0011451 (30) 0.00109 [0.00109]
hs (Hz) 0.000326 0.0003258 (29) 0.000256 0.0002620 (28) 0.000312 0.0003179 (12) 0.000328 [0.000328]
Niines 1047 1097 1725 123
ofit (MHz) 0.043 0.043 0.036 0.046
Ai (UA?) —6.015020 (24) —6.022405 (26) —6.015989 (5) —6.01313 (13)
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Table S-111 continued.

vibrational state (S-reduced Hamiltonian, I" representation)

Experimental and computational spectroscopic constants for methacrylonitrile isotopologues, ground

[1,1,3,3,3-2H, 2-33C]

[1,1,3,3,3-2H, 3-13C]

[1,1,3,3,3-2H, 4-33C]

[1,1,3,3,3-2H, ©°N]

CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work CCSD(T) Present Work

Ao (MHz) | 7153 7182.44(13) 7021 7050.323(14) 7154 7182.79 (63) 7152 [7181.76]

Bo (MHz) | 3734 3754.723(41) 3700 3720.9148(67) 3708 3729.26 (17) 3611 3631.3217 (60)
Co(MHz) | 2527 2540.26821(51) | 2495 2508.19745(34) | 2516 2528.69017 (77) | 2470 2483.04381 (46)
D; (kHz) 0.227 0.234(24) 0.262 0.3131(19) 0.242 0.2748 (81) 0.222 0.2470 (28)
Dk (kHz) 11.3 11.24(50) 10.5 10.143(18) 10.9 10.316 (73) 10.9 10.349 (26)
Dk (kHz) -6.20 —6.9(14) —5.40 [—5.40] -5.85 [-5.85] -5.87 [-5.87]

di (kHz) -0.227 —0.2429(96) -0.240 —0.26674(85) —0.226 -0.2521 (40) —0.209 —0.2289 (14)
dz (kHz) -0.195 —0.2005(75) -0.190 —0.19339(13) —0.187 [-0.187] -0.177 [-0.177]

H; (Hz) -0.00185 [-0.00185] -0.00186 [—0.00186] —0.00173 [—0.00173] —0.00161 [-0.00161]
Hik (Hz) 0.0489 [0.0489] 0.0490 0.04822(58) 0.0466 [0.0466] 0.0455 [0.0455]

Hks (Hz) -0.0375 [-0.0375] —0.0455 [-0.0455] —0.0365 [-0.0365] —0.0331 [-0.0331]

Hk (Hz) 0.00153 [0.00153] 0.0114 [0.0114] 0.00250 [0.00250] —0.0000944 [—0.0000944]
h: (Hz) -0.000129  [~0.000129] —0.0000956  [-0.0000956] —0.000102  [-0.000102] —0.000105 [-0.000105]
h, (Hz) 0.00111 [0.00111] 0.00114 [0.00114] 0.00106 [0.00106] 0.000981 [0.000981]
hs (Hz) 0.000312 [0.000312] 0.000297 [0.000297] 0.000293 [0.000293] 0.000276 [0.000276]
Niines 38 100 24 39

ofit (MHz) 0.048 0.048 0.043 0.054

Ai (UA?) —6.0142 (19) —6.01193 (28) —6.0189 (87) —6.0099 (98)
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Equations for Calculating the Determinable Constants

Ay =AY + 24,
By = B + 24+ Ay~ 28, — 284
Co = C® + 24, + A+ 28, + 26y

Ay = 4 + 2D, + 6d,
Cy' = C + 2D, + Dy — 2dy + 4d,

(S1)
(S2)
(S3)

(S4)
(S5)
(S6)

213



TABLE S-1V. Averaged determinable constants for ketene isotopologues and differences between A and S reduction determinable

constants (I" representation).

Isotopologue  methacrylonitrile [1-13C] [2-13C] [3-BC] [4-1C] [*°N]
Ao" (MHz) 9291.3194 9053.02503  9290.356 9020.0773 9291.162738 9289.431
Bo" (MHz) 4166.469 4114.659 4158.399 4125.851 4136.432 4023.262
Co" (MH2) 2924.629 2875.396 2920.625 2877.514 2909.871 2853.174
Ao" diff (MHz) 0.0077 —0.00092 —0.066 —0.0096 —0.000043
Bo" diff (MHz) —0.018 —0.017 —0.002 —0.015 —0.018
—0.022 —0.017 —0.019 —0.020 —0.019

Co" diff (MHz)

TABLE S-1V continued. Averaged determinable constants for ketene isotopologues and differences between A and S reduction

determinable constants (1" representation).

Isotopologue [1-2Heis] [1-2Hirans] [3-Hanti] [3-?Hgauche] [1,1-2H] [1-2Heis, 3-2Hanti]  [1-2Heis, 3-?Hgauche]
Ao" (MHz) 8535.42965 9004.693 0121.4588 8662.2964 8317.0026  8372.5597 7979.34697
Bo" (MH2) 4157.557 4007.954 3990.109 4109.798 3997.720 3985.165 4103.420
Co" (MH2z) 2841.110 2818.229 2821.115 2855.105 2742.246 2742.720 2773.805
Ag" diff (MHz) —0.00036 —0.015 —0.0061 0.0017 0.0032 —0.0066 0.00045
Bo" diff (MHz) —0.020 —0.019 -0.013 —0.018 —0.015 —0.015 —-0.020
Co" diff (MHz) —0.019 —0.016 -0.012 -0.019 —0.015 —0.013 —0.020
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TABLE S-1V continued. Averaged determinable constants for ketene isotopologues and differences between A and S reduction
determinable constants (1" representation).

Isotopologue [1-*Hirans, 3-*Hanti]

[1-2 Htrans, 3‘2 Hgauche]

[3'2Hanti, 3'2Hgauche] [3‘2Hgauche, 3'2Hgauche]

[l,l-ZH, 3'2Hanti]

[1,1-2H , 3'2Hgauche]

A" (MHz) 8807.639
Bo" (MHz) 3854.660
Co" (MHz2) 2723.440

A" diff (MHz)  —0.012
Bo" diff (MHz)  —0.013
Co" diff (MHz)  —0.011

8381.86237
3961.911
2753.350

0.00038
—0.018
—0.018

8538.1350 8133.5699
3936.483 4048.011
2758.115 2792.275
—0.0012 —0.0048
—0.012 —0.017
—0.012 —0.016

8128.24668
3848.565
2651.856
—0.00057
—0.015
—0.015

7761.8495
3953.968
2679.283
—0.0022
—0.019
—0.018

TABLE S-1V continued. Averaged determinable constants for ketene isotopologues and differences between A and S reduction
determinable constants (1" representation).

[1'2Htrans, 3'2Hgauche,

[1,1-2H, 3-?Hani,

Aq" (MHz) 7859.1802 7509.9642 8233.27694 7857.57177 8043.22683 7618.2157
Bo" (MH2) 3933.174 4043.866 3810.330 3910.982 3878.606 3805.852
Co" (MH2z) 2681.642 2712.900 2664.437 2694.654 2700.997 2594.486
A" diff (MHZ) -0.0022 —0.00057 —0.00049 —0.00058 —0.00022 0.0013
Bo" diff (MHz) -0.014 —0.018 —0.013 —0.017 —0.011 —0.015
Co" diff (MHz) -0.013 —0.017 —0.013 —0.017 —0.011 -0.014
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TABLE S-1V continued. Averaged determinable constants for ketene isotopologues and differences between A and S reduction
determinable constants (1" representation).

[1,1-2H y 3-2Hgauche,

Isotopologue 3 2 mene] [1-2Hais, 3,3,3-2H]  [1-%Hyans, 3,3,3-2H]  [1,1,3,3,3-2H] [1,1,3,3,3-2H, 1-3C]  [1,1,3,3,3-2H, 2-33C]
Ao" (MH2) 7292.4024 7421.9316 7745.4787 7183.1955 7050.333 7182.462
Bo" (MHz) 3905.222 3876.703 3761.855 3758.870 3720.918 3754.718
Co" (MH2) 2622.209 2626.157 2610.852 2542.286 2508.202 2540.273
Aq" diff (MHz) —0.0022 0.0031 ~0.0021 0.0019 0.019 0.044
Bo" diff (MH2) ~0.018 ~0.012 -0.013 -0.014 ~0.012 -0.031
Co" diff (MHz) ~0.017 ~0.012 ~0.012 ~0.013 ~0.012 -0.013

TABLE S-1V continued. Averaged determinable constants for ketene isotopologues and differences between A and S reduction
determinable constants (1" representation).

Isotopologue

[1,1,3,3,3-2H, 3-13C]

[1,1,3,3,3-2H, 4-33C]

[1,1,3,3,3-2H, 15N]

Ao" (MHz)
Bo" (MH2z)
Co" (MHz)

Ao" diff (MH2)
Bo" diff (MHz)
Co" diff (MH2)

7009.280
3733.172
2508.543
—0.014
—0.012
—0.012

7182.89
3729.240
2528.695

0.19
—0.076
—0.012

7181.7636
3631.316
2483.048

0.0017
—0.032
—0.013

9T¢
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Fig. S1. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-13C]. The size of the outlined circle is proportional to the value of |(fons. —
fcaic)/0f], where Jfis the frequency measurement uncertainty, and all values represented are smaller
than 3.
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Fig. S2. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [2-13C]. The size of the outlined circle is proportional to the value of |(fops. —
feaic )/0f], where Jfis the frequency measurement uncertainty, and all values represented are smaller

than 3.
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Fig. S3. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [3-13C]. The size of the outlined circle is proportional to the value of |(fons. —
fcaic)/0f], where Jfis the frequency measurement uncertainty, and all values represented are smaller
than 3.
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Fig. S4. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [4-13C]. The size of the outlined circle is proportional to the value of |(fops. —
feaic )/0f], where Jfis the frequency measurement uncertainty, and all values represented are smaller
than 3.
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Fig. S5. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1°N]. The size of the outlined circle is proportional to the value of |(fobs. — featc)/df],
where Jf'is the frequency measurement uncertainty, and all values represented are smaller than 3.
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Fig. S6. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-?Hcis]. The size of the outlined circle is proportional to the value of |(fobs. —
feaic )/0f], where Jfis the frequency measurement uncertainty, and all values represented are smaller
than 3.



40

30

J/I

20

L e e e P e e L e e e ) o S S

°
° °
O o
o O
o Qo ~
LI e)
° °
oo? 080
0000QoQo ©0000000
— o0 000 ° o Qoo o—
o 0o 06000 oo o Qo o0 o0 0Qo
o Q00000 © o o 0000 oo O oo
o o 000000 o o oo o000 o
o0 3 o000 © 0o 00 o0 °
o o o Qo o © 000000
o Q000 Qo o0 o Qoo o0 o o o
0000000 ocoQo o000 00 o) °
0600000 o O o000 °
o 0 0 o0 o o o0 o Qo
— el WeNe) Qo oo0oo00000 0 —
00000 o o o O
°
P A T M SN T W N NN N S Y S T N N Y A N Y
0 10 20
K,
a

220

Fig. S7. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1->Huans]. The size of the outlined circle is proportional to the value of |(fobs. —
fcaic)/0f], where Jfis the frequency measurement uncertainty, and all values represented are smaller

than 3.
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Fig. S8. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [3-?Hani]. The size of the outlined circle is proportional to the value of |(fops. —
feaic )/0f], where Jfis the frequency measurement uncertainty, and all values represented are smaller

than 3.
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Fig. S9. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [3-2Hgauche]. The size of the outlined circle is proportional to the value of |(fobs. —
feaic.)/0f], where Jf'is the frequency measurement uncertainty, and all values represented are smaller

than 3.
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Fig. S10. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1-2H]. The size of the outlined circle is proportional to the value of |(fobs. —
feaic.)/0f], where of'is the frequency measurement uncertainty, and all values represented are smaller
than 3.



222

LR e e R e e e
40 o -
oo
80
°
oo 8
oo o
o0 o o
o000 Qo
00Qo0oo000Qoo o0
000000Q00 QCQoco OO0 00 oo
30 OO 000 0QQoo ©c0000000Q00O0 =
oo0o00Qoo QQo QOQ0Qeoco0o0Q o000 o
000Q0000000Q000000000000O0 oo
000Qoooo0Qoeo [ReR-Ne X No X OQe
0o QO00 QoQooooo0oo0o0o00 ©000
-oo§00080000000009000900
-~ 00Q0Qoo0o 00QoQo0o0o000o ° oo
~ ° O 0000000000 © oo o
~3 (o] 90000008008000 oo
OQoo0co0oQooQooo oo oo
20 Qooo 00000000 O O -
o0o0co000Qoo0oo0000 o
000 00O
°0
10 |+ &
0 I L L L P IR TR .
0 10 20 30
K,
a

Fig. S11. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-?Hcis, 3-Hani]. The size of the outlined circle is proportional to the value of
|(fobs. — featc.)/0f], where of'is the frequency measurement uncertainty, and all values represented are
smaller than 3.
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Fig. S12. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-2Hcis, 3-?Hgauche]. The size of the outlined circle is proportional to the value of
|(fobs. — fearc.)/f], where of'is the frequency measurement uncertainty, and all values represented are
smaller than 3.
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Fig. S13. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-2Huans, 3-?Hanti]. The size of the outlined circle is proportional to the value of
|(fobs. — featc.)/0f], where of'is the frequency measurement uncertainty, and all values represented are
smaller than 3.
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Fig. S14. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-2Hirans, 3-2Hgauche]. The size of the outlined circle is proportional to the value
of |(fobs. — fealc.)/d7], where Jf is the frequency measurement uncertainty, and all values represented
are smaller than 3.
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Fig. S15. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [3-2Hanii, 3-2Hgaucne]. The size of the outlined circle is proportional to the value of
|(fobs. — featc.)/0f], where of'is the frequency measurement uncertainty, and all values represented are
smaller than 3.
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Fig. S16. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [3-2Hgauche, 3->Hgauche]. The size of the outlined circle is proportional to the value
of |(fobs. — fealc.)/d7], where Jf is the frequency measurement uncertainty, and all values represented
are smaller than 3.
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Fig. S17. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1-2H, 3-2Hani]. The size of the outlined circle is proportional to the value of
|(fobs. — featc.)/0f], where of'is the frequency measurement uncertainty, and all values represented are
smaller than 3.
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Fig. S18. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1-2H, 3-?Hgaucne]. The size of the outlined circle is proportional to the value of
|(fobs. — fearc.)/0f], where of'is the frequency measurement uncertainty, and all values represented are
smaller than 3.
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Fig. S19. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-Hcis, 3-2Hanti, 3-*Hgauche]. The size of the outlined circle is proportional to the

value of |(fobs. — feaic)/0f], where of is the frequency measurement uncertainty, and all values
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Fig. S20. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-?Hqis, 3-2Hgauche, 3-?Hgauche]. The size of the outlined circle is proportional to
the value of |(fobs. — fcaic)/df], where ofis the frequency measurement uncertainty, and all values

represented are smaller than 3.
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Fig. S21. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-?Hirans, 3->Hanti, 3-?Hgauche]. The size of the outlined circle is proportional to the
value of |(fobs. — fealc.)/df], where Jf is the frequency measurement uncertainty, and all values
represented are smaller than 3.
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Fig. S22. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-?Hirans, 3-?Hgauche, 3-*Hgauche]. The size of the outlined circle is proportional to
the value of |(fobs. — fcaic)/df], where ofis the frequency measurement uncertainty, and all values
represented are smaller than 3.
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Fig. S23. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [3,3,3-?H]. The size of the outlined circle is proportional to the value of |(fobs. —
fcaic)/0f], where Jfis the frequency measurement uncertainty, and all values represented are smaller
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Fig. S24. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1-H, 3-?Hanti, 3-*Hgauche]. The size of the outlined circle is proportional to the
value of |(fons. — fcalc.)/df], where df is the frequency measurement uncertainty, and all values

represented are smaller than 3.
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Fig. S25. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1-2H, 3-2Hgauche, 3-°Hgauche]. The size of the outlined circle is proportional to

the value of |(fobs. — fcaic)/Jf], where dfis the frequency measurement uncertainty, and all values

represented are smaller than 3.
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Fig. S26. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational

ground states of [1-?His, 3,3,3-2H]. The size of the outlined circle is proportional to the value of
|(fobs. — fearc.)/f], where of'is the frequency measurement uncertainty, and all values represented are

smaller than 3.
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Fig. S27. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1-2Hyans, 3,3,3-2H]. The size of the outlined circle is proportional to the value of
|(fobs. — featc.)/0f], where of'is the frequency measurement uncertainty, and all values represented are
smaller than 3.
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Fig. S28. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1,3,3,3-2H]. The size of the outlined circle is proportional to the value of |(fobs.
— feaic.)/0f], where oJf is the frequency measurement uncertainty, and all values represented are
smaller than 3.



70

60

40

J/I

30

20

10

SRRRARRAN RECEEZALE REEZRACES ERZACEZE T
b o R-branch
§° § °§ 8? 8 =
_° So -] 8 °° s

A R .
3§ 93°: o
%&o 2 : ° —
BoogSe’.

N L iea e roay | A | PR Lopciop g
0 10 20 30 40

"
K(l

231

Fig. S29. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1,3,3,3-2H, 1-13C]. The size of the outlined circle is proportional to the value
of |(fobs. — feaic.)/0f], where Jfis the frequency measurement uncertainty, and all values represented
are smaller than 3.
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Fig. S30. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1,3,3,3-?H, 2-3C]. The size of the outlined circle is proportional to the value
of |(fobs. — fealc.)/d7], where Jf is the frequency measurement uncertainty, and all values represented
are smaller than 3.



232

70 e e AR BERERREE S RRRR

B R-branch

60 52t !

40 ge

J//

30 -1

20 5

10 —

Fig. S31. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1,3,3,3-2H, 3-13C]. The size of the outlined circle is proportional to the value
of |(fobs. — feaic.)/0f], where Jfis the frequency measurement uncertainty, and all values represented
are smaller than 3.
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Fig. S32. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1,3,3,3-?H, 4-'3C]. The size of the outlined circle is proportional to the value
of |(fobs. — fealc.)/d7], where Jf is the frequency measurement uncertainty, and all values represented
are smaller than 3.
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Fig. S33. Data distribution plot for the least-squares fits of spectroscopic data for the vibrational
ground states of [1,1,3,3,3-2H, *®N]. The size of the outlined circle is proportional to the value of
|(fobs. — featc.)/0f], where of'is the frequency measurement uncertainty, and all values represented are
smaller than 3.
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Fig. S34. The averaged inertial defects 4 for isotopologues that have the same number of out-of-
plane deuterium atoms.
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FIG. S35. Semi-experimental equilibrium structure (re5F) of methacrylonitrile with 2 statistical
uncertainties from least-squares fitting of the moments of inertia from 32 isotopologues with
varying Ocz-ca-n. Distances are in Angstroms and the angles are in degree



TABLE S-V. Structural parameters of methacrylonitrile.

reSE e CCSD(T)
This Work This Work® BTE
rci-co 1.3368 (7) 1.340 (3) 1.33703
rc2-ca 1.5001 (7) 1.497 (3) 1.50026
Ocs.coct 124577 (53) 124578 (52) 124.562
fc2-ca 1.4397 (8) 1.4393 (9) 1.43946
Ocicoca  119.213(45)  118.71 (45) 119.247
rean 1.1576 (6) 1.159 (1) 1.15896
Ococan  [177.997]° 177.01 (88) 177.997
rc1-He 1.0795 (5) 1.0796 (5) 1.07930
Oco.cihs  121.339(53)  121.406 (78) 121.347
rc1-Hr 1.0802 (4) 1.0802 (4) 1.08033
Oco.cihr  120.240 (48)  120.182 (68) 120.226
rca-Hs 1.0865 (4) 1.0865 (4) 1.08696
Oco.cans 110178 (37)  110.246 (73) 110.182
FC3-HO/H10 1.0888 (2) 1.0888 (2) 1.08915

Ococanomio 110582 (21) 110554 (33)  110.571
Ocscocans  59.505 (27) 59.483 (34) 59.465
Ocacocan —59.505(27)  —59.483 (34)  —59.465

CCSD(T)/
cc-pCV5Z

1.33639
1.50034
124.58500
1.43991
119.22800
1.15812
178.05400
1.07927
121.39200
1.08030
120.25700
1.08691
110.18400
1.08909
110.57300
59.47200
-59.47200

CCSD(T)/
cc-pCVvQZ

1.33705
1.50099
124.55900
1.44045
119.24100
1.15886
178.08100
1.07954
121.41400
1.08057
120.27400
1.08726
110.18800
1.08945
110.58900
59.47900
—59.47900

CCSD(T)/
cc-pCVTZ

1.33965
1.50370
124.53600
1.44316
119.25800
1.16175
178.12800
1.08058
121.45000
1.08163
120.30400
1.08839
110.16700
1.09057
110.58600
59.50000
—59.50000

Nisotopologues 32

aAll structural parameters were varied during the least-squares fit of xrefit.
bParameter held fixed at BTE value.

9€¢



237

Equations for Calculating the Best Theoretical Estimate (BTE)

1. Residual basis set effects beyond cc-pCV6Z: To estimate the correction needed to
approach the infinite basis set limit,%° equilibrium structural parameters obtained with the
cc-pCVXZ (X = Q, 5, and 6) basis sets were extrapolated using the empirical exponential®!
expression in Eq. (S7).

R(x) = R(») + Ae B (S7)

R(x) are the values of the parameters obtained using the various basis sets (x =4, 5, and 6),
and R(o0) is the desired basis set limit estimate. Using three basis sets (x = 4, 5, and 6), the
system of equations using Eq. (S7) can be solved, yielding Eq. (S8).

__ _R(5)>*-R(4R(6)

R(e0) = R(4)+R(6)—2R(5) (S8)
The correction to the structure due to a finite basis set is estimated by Eq. (S9).
AR (basis) = R(o0) — R(CCSD(T)/cc-pCV6Z) (S9)

2. Residual electron correlation effects beyond the CCSD(T) treatment: Residual correlation
effects are assessed by doing geometry optimizations at the CCSDT(Q) level'? and then
estimating the correlation correction in Eq. (S10).

AR(cor) = R(CCSDT(Q)) — R(CCSD(T)) (S10)

As calculations at the CCSDT(Q) level of theory are quite expensive, these two
calculations are obtained with the cc-pVDZ basis, in the frozen-core approximation.

3. Effects of scalar (mass-velocity and Darwin) relativistic effects: The relativistic
corrections are obtained by subtraction of the equilibrium parameters obtained with a
standard non-relativistic calculation from those obtained with the X2C-1e variant of
coupled-cluster theory,'*° as shown in Eq. (S11).

AR(rel) = R(CCSD(T)/cc-pCVTZ)spxac-1e — R(CCSD(T)/cc-pCVTZ) yr (S11)

4. The diagonal Born-Oppenheimer correction (DBOC): The diagonal Born-Oppenheimer
correction (DBOC)*17 is obtained from Eq. (S12).

AR(DBOC) = R(SCF/cc-pVTZ) pgoc — R(SCF/cc-pVTZ) vr (S12)

Here, the first value is obtained by minimizing the DBOC-corrected SCF energy with
respect to nuclear positions, and the latter is again the traditional calculation.

The sum of the above-described corrections is used to obtain the best equilibrium structural
parameters, given by Eqg. (S13).

AR(best) = AR(basis) + AR (cor) + AR(rel) + AR(DBOC) (S13)

The sum of the corrections, AR(best), is applied to the CCSD(T)/cc-pCV6Z structural parameters.



TABLE S-VI. Corrections used in determining the best theoretical estimate of equilibrium structural parameters of methacrylonitrile.

pCVXZ basis set  correlation relativistic DBOC pCVXZ sum of
correction correction correction correction corrections CCSD(T)/ pCVXZ CCSD(T)
AR(basis) AR(corr) AR(rel) AR(DBOC) AR(best) cc-pCVv5Z BTE
rci-c2 —0.000218 0.001117  —0.000276 0.000021 0.000645 1.33639 1.33703
lco-c3 —0.000207 0.000337  —0.000223 0.000017 —0.000076 1.50034 1.50026
Ocs-ca-c1 0.000000 —0.033191 0.004212 0.005868 —-0.023111 124.58500 124.562
rco-ca —0.000135 —0.000148  —0.000211 0.000046 —0.000448 1.43991 1.43946
Oci-co-ca 0.000000 0.021472 0.000011 —0.002325 0.019158 119.22800 119.247
fcan —0.000253 0.001283  —0.000199 0.000014 0.000845 1.15812 1.15896
Oca-ca-N —0.033693 —0.018719  —0.003912 —0.000421 —0.056745 178.05400 177.997
lci-He —0.000093 0.000126  —0.000133 0.000134 0.000033 1.07927 1.07930
Oc2-c1-He —0.035360 —0.002742  —0.000894 —0.005753 —0.044749 121.39200 121.347
rci-Hr —0.000097 0.000126  —0.000128 0.000133 0.000034 1.08030 1.08033
Oca-c1-H7 —0.020480 —0.001965  —0.003866 —0.004822 —0.031133 120.25700 120.226
rcs-Hg —0.000155 0.000213  —0.000115 0.000109 0.000051 1.08691 1.08696
Oc2-c3-Hs 0.000000 0.002746  —0.004263 —0.000407 —0.001924 | 110.18400 110.182
IC3-HY/H10 —0.000158 0.000223  —0.000120 0.000112 0.000057 1.08909 1.08915
Oc2-c3-HaH10 0.000000 0.002090 —0.002362 —0.001421 —0.001694 | 110.57300 110.571
Oca-c2-c3-Hg —0.004081 —0.002557 0.000298 —0.000731 —0.007071 59.47200 59.465
Oca-c2-c3-H10 0.004081 0.002557  —0.000298 0.000731 0.007071 | —59.47200 —59.465

8€¢
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List of Isotopologue Numbering for Supplementary Material Files

Methacrylonitrile

Normal isotopologue Isomassl or no number
[1-13C]- Isomass004
[2-C]- Isomass003
[3-1C]- Isomass002
[4-C]- Isomass005
[**N]- Isomass006
[1-2Hcis]—  1somass007
[1—?Hurans]—  1somass008
[3-?Hani]—  Isomass009
[3—2Hgau2che]— Isomass010
[1,1—°H]— Isomass011
[1-2Hcis, 3—"Hani]— Isomass012
[1_2Hcis, 3—2Hgauche]_ Isomass013
[12—2Htrans, 3;_2Hanti]_ Isomass014
[1_ Htrans, 3- Hgauche]_ Isomass015
[E_ZHanti, 3_§Hgauche]_ |Soma55016
[3_ Hgauche, 3- Hgauche]_ Isomass017
[1,1—°H, 3—Hani]— Isomass018
[1,1-%H, 3—?Hgauche]~ Isomass019
[1_2Hcis, 3_2Hanti, 3_2Hgauche]_ Isomass020
[1—?Heis, 3—?Hgauche, 3—?Hgauche]—  1somass021
[1_2Htrans, 3_2Hanti, 3_2Hgauche]_ Isomass022
[1_2Htrans, 3—2Hgauche, 3_2Hgauche]_ Isomass023
[3,3,3-°H]— Isomass024
[1,1-2H, 3—2Hanti ,3—?Hgauche]—  1somass025
[l,l_ZH, 3_2Hgauche, 3_2Hgauche]_ |Soma85026
[1-2Hcis, 3,3,3—2H]— Isomass027
[1—2Hirans, 3,3,3—°H]— Isomass028
[1,1,3,3,3-°H]- Isomass029
[1,1,3,3,3-°H, 1-13C]- Isomass032
[1,1,3,3,3-%H, 2-13C]- Isomass031
[1,1,3,3,3-°H, 3-13C]- Isomass030
[1,1,3,3,3-%H, 4-13C]- Isomass033
[1,1,3,3,3—°H, °N]— Isomass034
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Appendix B: Electrical Discharges of Different Molecules
Introduction

The rotational spectrometer the McMahon | Woods group uses is skeletally the same as the
original design of Claude Woods and described in detail in various publications.}® Additional
adaptations have been made over the decades, but the major changes are the implementation of a
solenoid magnet to create a homogenous magnetic field up to 300 G around the discharge cell
based on DeLucia et al.* and is described in detail in previous publications,>® There have been
recent changes to the way mm/sub-mm wave radiation is generated and detected, and these have
been described previously.”% The group has long been interested in the generation and laboratory
detection of the acylium or acetyl cation (CHsCO™). With the recent astronomical and laboratory
detection of acylium,'! we thought this would be a great opportunity to test out the discharge
capabilities of our instrument for small organic molecules, because our group has further interest

in examining other organic molecule discharges.

Before we began the discharge experiments to try to observe acylium, we wanted to
benchmark our spectrometer and familiarize ourselves with how to optimize discharge conditions.
We selected ArH*, ArD*, KrH", XeD*, H2D", and NoOH* as our discharge targets because these
molecules have been detected previously with our spectrometer or similar types of spectrometers.
In the past decade, the liquid nitrogen cooling system that was originally used for all the
publications at the University of Wisconsin — Madison was replaced with a chiller system to reach
~—80 °C because these temperatures suited studying reactive neutral molecules. The first step in
repeating the previously studied discharge experiments at the University of Wisconsin — Madison
was to disconnect the chiller, remove all the chiller fluid from the system, and refit the spectrometer

to allow for liquid nitrogen cooling to be used. Thus, all the discharges discussed in this chapter
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utilized liquid nitrogen through a set of four Teflon tubes wrapped around the discharge tube to
cool the system to ~ 77 K. Once these molecules were examined, we attempted to repeat the
laboratory detection of acylium®!, and to detect acylium for the first time in a ketene (H.CCO), A,

and H: discharge.
ArH* and ArD*

The first experiments were in an argon and H. discharge with the pressure of the argon at
70 mTorr in the inlet manifold and trace amounts of H> gas controlled by an MKS mass flow
controller. The experiments were carried out in a negative-glow configuration with the magnet at
270 Gauss with a discharge voltage of 1425 V. The vibrational ground-state rotational transition
from J =0 to J = 1 was easily observable, as shown in Fig. B.1, and was previously measured at
615858.4 MHz.1? The first vibrationally excited-state rotational transition from J =0to J = 1 was
observable with an average of 50 scans (Fig. B.2.). The first vibrationally excited-state transition
was predicted using the molecular constants provided by James and Summer?3, and the observed
transition was only 0.031 MHz away from the prediction of 593512.18 MHz. James and Summer?3
measured the infrared emission spectrum of ArH" via carbon hollow cathode lamp. Bowman et
al.** measured the J = 0 to 1 rotational transition for three isotopologues of ArD*. Given the
experimental vibration-rotation interaction constant for ArH™ and the experimental rotational
constant of ArD", we applied an empirical shift to the vibration-rotation interaction constant based
on the change in the reduced mass between ArH™ and ArD*. The predicted vibration-rotation
interaction constant was then used to calculate the rotational constant for the first vibrationally
excited state of ArD*. Similar corrections were made to the quartic distortion constant, and the
distorted rotor energy expression for diatomic molecules was used to calculate the J=1toJ =2

rotational transition. We predicted the first vibrationally excited-state from J=1to J =2 for ArD*
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at 618174.89 MHz. A tentative detection at 618176.25 MHz can be observed in Fig. B.3, which
required an average of 50 scans to obtain. The ~ 1 MHz difference between the predicted and
observed frequencies is not surprising given the prediction method, and we believe this may be the

first detection of this rotational transition.
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Fig. B.1. ArH" vibrational ground-state rotational transition from J = 0 to J = 1 observed at
615858.25 MHz.
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Fig. B.2. ArH™ first vibrationally excited-state rotational transition from J = 0 to J = 1 observed at
593512.15 MHz.
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Fig. B.3. ArD™ first vibrationally excited-state rotational transition from J = 1 to J = 2 observed at
618176.25 MHz.
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KrH*
The J = 0 to 1 rotational transition of KrH* was easily observed at 494515.35 MHz (Fig.

B4), which was only 0.025 MHz away from our predicted frequency. Linnartz et al.*> measured
the Zeeman effect on this transition and were able to determine an electric dipole moment of 3.0
(6) D. Our prediction was calculated by taking the average of the highest and lowest frequencies
observed by Linnartz et al.®> The experimental conditions utilized were based on those from the
published work of KrD* at the University of Wisconsin — Madison.® These conditions were 1

mTorr Hz, 12 mTorr Kr, discharge voltage of 1500 V, and 300 Gauss for the solenoid magnet.
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Fig. B.4. KrH" vibrational ground-state rotational transition from J = 0 to J = 1 observed at
494515.35 MHz.
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XeD*

The next experiment was the discharge of xenon, deuterium, and argon gas to create XeD".
Using argon as a carrier gas for this discharge was previously shown with this spectrometer at the
University of Wisconsin — Madison to greatly increase the abundance of XeD* and XeH*.*® The
previous work with this spectrometer setup examined the J = 1 to J = 2 transitions for various
xenon isotopologues (***Xe, 134Xe, ¥2Xe, 131Xe, 1¥0Xe, 12°Xe, 128Xe, 1%6Xe, and ?*Xe).1® The
spectroscopic constants from a previous publication!’ were utilized to predict the transition
frequencies for *2Xe, 12°Xe, ¥1Xe, 134Xe, and **Xe isotopologues. Ohtaki et al.}” measured the
rotational transitions of these isotopologues from 1 — 5 THz using a far-infrared spectrometer and
a tunable radiation source. The remaining isotopologues, 3°Xe, 1?8Xe, 1%Xe, and %*Xe, were
observed by applying empirical shifts to the J = 1 to J = 2 transitions observed previously. The
experimental conditions we used were as follows: 8 mTorr chamber pressure, 0.2 mTorr xenon
pressure, 0.8 mTorr D2 pressure, 7 mTorr argon pressure, 1800 V discharge voltage, and 240 Gauss
for the magnet. Figure B.5 shows a 600 MHz spectrum segment highlighting various
isotopologues (3¥*XeD*, 1¥2XeD*, B¥%XeD*, ¥XeD*, and '?8XeD"); hyperfine components of
181XeD* are observed. The least abundant xenon isotopes, 126Xe and 12*Xe, at 0.089 % and 0.095
%, respectively, are tentatively observed in Fig. B.6 and Fig. B.7. Fig. B.6 and Fig. B.7 required
averaging 50 scans for the tentative detection and likely more would be needed for a definitive
detection. We are confident that the predicted transition frequencies of 589213.60 MHz and
589362.47 MHz for 1%Xe and '?*Xe isotopologues, respectively, are accurate because these

tentative detections were reproducible.
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Fig. B.6. 1%6XeD" vibrational ground-state rotational transition from J = 2 to J = 3 observed at
589213.85 MHz.
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Fig. B.7. *XeD" vibrational ground-state
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H2D* and N2OH*

The last two benchmark experiments were the observations of H.D*™ and NoOH*. The
experimental conditions were copied from the previous publication® using the University of
Wisconsin — Madison spectrometer for the H.D* discharge, which were, solenoid magnet at 300
Gauss, 1900 V discharge voltage, 8 mTorr Ar, 3mTorr Hz, and 1.5 mTorr D,. The same transition,
110 < 111, was observed at 372421.47 MHz, and the signal-to-noise ratio is great with an average
of 100 scans as shown in Fig. B.8. Two other works have been published on the rotational
spectrum of H2D* and D.H*. Amano and Hirao*® improved the accuracy of rest frequencies of
known transitions and measured a new transition for HoD™, J = 321 «<— 32, at 646430.293(50) MHz.
They used combination differences to obtain spectroscopic constants for both species. Jusko et
al.?® measured the rotational spectrum of both species up to 1.5 THz using double resonance action
spectroscopy. They determined spectroscopic parameters from these observed rotational

transitions using the Euler formalism.
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Fig. B.8. HzD" vibrational ground-state rotational transition, 110 < 11,1, observed at 372421.47
MHz.
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The N2OH™ discharge parameters are as follows: 2 mTorr N2O, 2 mTorr Hz, 8 mTorr argon, 2000
V for discharge voltage, and 290 Gauss for the solenoid magnet. The above parameters are the
optimal parameters we found to observe the NoOH™ rotational transition at 402764.28 MHz with
an average of 50 scans (Fig. B.9). The predicted transitional frequency based on the spectroscopic
constants from McCarthy and Thaddeus?® of 402764.57 MHz gives confidence that the transition
observed belongs to the O-protonated form of N.OH*. McCarthy and Thaddeus®® measured the
Fourier transformed microwave spectrum of NNOH* from 5 GHz to 43 GHz using a jet pulsed
supersonic expansion. The N-protonated form ~ 2000 K higher in energy was looked for given
the predictions from McCarthy et al.?%, but it was not observed in our experiment. McCarthy et
al.?! measured the Fourier transformed microwave spectrum of HNNO™ from 5 GHz to 43 GHz

using a jet pulsed supersonic expansion. They were also able to determine several spectroscopic
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Fig. B.9. N,OH* vibrational ground-state rotational transition, 18018 « 17017, observed at
402764.28 MHz.
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CH3CO* via CO and CH4

We attempted to repeat the experiment of Cernicharo et al.!! using CO, CHa, and argon
gases to generate and observe the acylium cation (CHsCO™). Table B.1 contains the attempts to
vary the experimental parameters to increase the abundance of acylium. Our first attempt was to
use the same ratio of pressures for the gases as was done previously, which is shown in Trial 1
(Fig. B.10). All the spectra shown searching for acylium consisted of an average of 50 scans and
centered around the previously observed transition at 438233.877 MHz. There is a possible
detection in Fig. B.10, but the signal-to-noise ratio is barely detectable. The subsequent trials
where the discharge voltage was increased did not result in any observable signals. We found Trial
29 (Fig. B.11) to have the greatest signal-to-noise ratio (~ 5), and this is where the partial pressures
of CO and CHj4 gases were increased with respect to argon. Even after all these attempts, we were

unable to achieve the signal-to-noise ratio that was obtained by Cernicharo et al.!*

Table B.1. Experimental Conditions utilized in search for acylium rotational transition at
438233.877 MHz using CO, CHa, and Ar gases.

Trial # CcoO CHas Ar Discharge Magnet Chamber
(mTorr) (mTorr)  (mTorr) Voltage (V) (Gauss) (mTorr)
1 33 33 120 1600 270 11
2 33 33 120 2000 270 11
3 33 33 120 2500 270 11
4 33 33 120 2300 270 11
5 33 33 120 2100 270 11
6 33 33 120 1900 270 11
7 33 33 120 1700 270 11
8 33 33 120 1500 270 11
9 33 33 120 1300 270 11
10 33 33 120 1500 234 11
11 33 33 120 1500 198 11
12 33 33 120 1500 162 11
13 33 33 120 1500 126 11
14 33 33 120 1500 300 11
15 33 33 80 1500 300 11
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16 33 33 60 1500 300 11
17 33 33 40 1500 300 11
18 33 33 150 1500 300 11
19 33 33 170 1500 300 11
20 33 33 190 1500 300 11
21 33 33 130 1500 300 11
22 33 33 110 1500 300 11
23 33 33 90 1500 300 11
24 66 66 120 1500 300 11
25 66 66 100 1500 300 11
26 99 99 120 1500 300 11
27 132 132 120 1500 300 11
28 165 165 120 1500 300 11
29 132 132 120 1500 300 11
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Fig. B.10. Trial 1 of CH3CO" vibrational ground-state rotational transition, 240« 230, previously
observed at 438233.877 MHz.
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Fig. B.11. Trial 29 of CH3CO" vibrational ground-state rotational transition, 24o« 230, previously
observed at 438233.877 MHz.

CH3CO" via H2CCO and H2

Our research group was interested in attempting to generate the acylium cation from a
discharge comprised of ketene (H.CCO), Ar, and H> gases. We believed this discharge would
preferentially make acylium because both ArH™ and Hs™ will be generated in the electrical
discharge and serve as proton sources to generate acylium. Ketene has a proton affinity of 807
kJ/mol, while Ar and Hz have proton affinities of 371 kJ/mol and 421 kJ/mol, respectively.?2?
Thus, ketene has a higher proton affinity than the other discharge components and at least
thermodynamically can be protonated in this environment. Furthermore, protonation of ketene
could create the acylium cation because it is the lowest-energy protonated-ketene isomer by 176.2
kJ/mol.** The various different experimental discharge conditions utilized to try to optimize the
generation of acylium are shown in Table B.2. Figure B.12 is the experimental conditions (Trial

2) that had the greatest signal-to-noise ratio. Most of the parameters were similar to the CO, CHa,
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and Ar discharge except for the partial pressure of ketene, which needed to be much higher than
CO or CHs4. This is exemplified by Fig. B.13, where no acylium signal was observed and
corresponds to the lowest partial pressure of ketene utilized in the trials. Tentative detections are
present in Fig. B.14 and Fig. B.15, where higher partial pressures of ketene were used in
comparison to trial 7 but lower than the best signal-to-noise of trial 2. Changes in the discharge
voltage and solenoid magnet seem to only worsen the signal-to-noise. Separate trials were tried
previously of different magnetic fields, but they are not shown here because the signal disappeared
similar to the previous experiment. In total, it seems the use of ketene, Ar, and Hz as a precursor
to create acylium was equivalent to using CO and CHa, however, neither experiment had the

expected signal-to-noise of Cernicharo et al.'!

We hypothesize that the difference in the signal-to-noise observed in this work when using
ketene as a precursor gas compared to Cernicharo et al.}* comes from how the sample gases were
mixed and cooled to liquid nitrogen temperature before entering the sample cell. Once ketene was
introduced into our spectrometer, it was shown to immediately condense at liquid nitrogen
temperature and resulted in very little ketene being observed in the gas phase. This depletion in
ketene is one possible explanation as to why higher abundances of the acylium cation were not
observed. It is also possible that the o-protonated from of ketene was kinetically favored in our
discharge so high-level theoretical calculations have been completed to try to determine accurate
molecular constants to predict rotational transitions and aid in its possible assignment. It is of note
that Mosley et al.?* found that both isomers, acylium cation and o-protonated ketene were observed
depending on the small organic precursors used in a nozzle-pulsed discharge source, albeit the

abundance of o-protonated ketene is less. Work is currently underway to be able to reliably control



254

the temperature of our spectrometer between liquid nitrogen and room temperature, and we believe

this will increase the abundance of acylium observed from the ketene discharge.

Table B.2. Experimental Conditions utilized in search for acylium rotational transition at
438233.877 MHz using ketene, Ho, and Ar gases.

Trial # Ketene H> Ar Discharge Magnet  Chamber
(mTorr) (mTorr) (mTorr) Voltage (V) (Gauss) (mTorr)
1 150 60 115 2000 160 10
2 150 60 115 1500 160 10
3 150 60 115 1500 160 10
4 150 60 115 2000 160 10
5 150 60 115 2000 160 15
6 150 40 115 2000 160 15
7 8 40 115 2000 160 15
8 8 10 115 2000 160 15
9 150 100 115 2000 160 15
10 150 150 115 2000 160 15
11 50 50 115 2000 160 15
12 100 50 115 2000 160 15
13 100 50 115 2000 100 15
14 100 50 115 1500 160 10
ol _ @
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Fig. B.12. Trial 2 of CH3CO" vibrational ground-state rotational transition, 24o« 230, previously
observed at 438233.877 MHz.
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Fig. B.13. Trial 7 of CH3CO" vibrational ground-state rotational transition, 24o« 230, previously

observed at 438233.877 MHz.
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ABSTRACT: The rotational spectrum of 1-cyanocyclobutene from cN CN CN
130 to 360 GHz has been observed, assigned, and least-squares fit for |[=" o « D( '
the ground state and the two lowest-energy vibrationally excited |[=\ oN - [

states. Synthesis by UV photochemical dimerization of acrylonitrile
and subsequent base-catalyzed dehydrocyanation affords a highly
pure sample, yielding several thousand observable rotational
transitions for this small organic nitrile. Over 2500 a-type, R-branch
transitions of the ground state have been least-squares fit to low error
with partial-octic A- and S-reduced Hamiltonians, providing precise
determinations of the corresponding spectroscopic constants. In
both reductions, computed spectroscopic constants are in close
agreement with their experimentally determined counterparts. Two vibrationally excited states (¢, and v;,) form a Coriolis-coupled
dyad, displaying many a-type and b-type local resonances and related nominal interstate transitions. Somewhat unexpectedly, despite
the very small permanent b-axis dipole moment, a number of b-type transitions could be observed for the v, state; this is explained
in terms of state mixing by the Coriolis perturbations. Over 2200 transitions for each of these states have been least-squares fit to a
low-error, two-state, partial-octic, A-reduced Hamiltonian with nine Coriolis-coupling terms (G, , G/, G5, G/, F,., E,.X, G, , G/,
and F,.). The availability of so many observed rotational transitions, including resonant transitions and nominal interstate transitions,
enables a very accurate and precise determination of the energy difference (AE,;,, = 14.0588093 (43) cm™") between v, and v;.
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The spectroscopic constants presented herein provide a starting point for future astronomical searches for 1-cyanocyclobutene.

B INTRODUCTION

The interstellar medium (ISM) and circumstellar shells are
known to contain complex and diverse chemical environments,
with almost 250 molecules currently detected, including many
new detections in the past few years."”” Organic nitriles comprise
an important subset of interstellar molecules because of their
chemical relationship to molecules of prebiotic relevance, e.g,
pyridine. The cyano moiety is prevalent among organic species
detected in the ISM because the typically large permanent dipole
moments lead to a higher likelihood that molecules containing
this functional group may be detected via radioastronomy,
relative to other functionalities. The assignment of laboratory
rotational spectra of organic nitriles is highly desirable to
facilitate the detection of new molecules in the ISM. We have
been interested in expanding two areas of organic nitrile
assignments: aryl nitriles/isonitriles® ® and nitrile-containing
isomers of pyridine.””'" The aryl nitriles/isonitriles are of
interest as possible tracer molecules for molecular species, e.g.,
benzene, pyridine, pyrimidine, pyrazine, and pyridazine. While
pyridine, pyrimidine, and pyridazine have permanent dipole
moments, they have been sought unsuccessfully in the ISM."’

© 2022 American Chemical Society

WACS Publications 1980

The addition of the cyano substituent could be beneficial by
significantly increasing the dipole moment, allowing the
substituted species to serve as a tracer molecule for the parent
species. Benzene and pyrazine do not have a permanent dipole,
while the former has been detected by infrared spectroscopy,
tracer molecules are necessary for their existence in the ISM to
be inferred by radioastronomy. The recent detections of
benzonitrile,'” 1- and 2-cyanoaphthalene,"* and 1-cyano-1,3-
cyclopentadiene'* signify great advances utilizing this technique
and encourage further studies of the laboratory rotational
spectra of nitrile-containing tracer molecules.
Nitrogen-containing isomers of pyridine (C;HN) provide
similar motivation as tracers of pyridine’s presence in various
environments. Importantly, the detection, or lack thereof, of
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particular C;HN isomers could help elucidate the reaction
chemistry of small organic nitriles and/or pathways for
formation of aromatic molecules such as pyridine. We have
recently investigated seven structural isomers of pyridine
(including the present case) that are shown in Figure 1, several
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CN =z
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CN /\/ Z CN

E-1 Z1 2 3

CN S
=z CN CN N
oo o 2 O

4 5 6 7

Figure 1. C;HN isomers that have been studied by rotational
spectroscopy: (E)-1-cyano-1,3-butadiene (E-1), (Z)-1-cyano-1,3-bu-
tadiene (Z-1), 4-cyano-1,2-butadiene (2), 2-cyano-1,3-butadiene (3),
(cyanomethylene)cyclopropane (4), 1-cyanocyclobutene (5), 4-cyano-
1-butyne (6), and pyridine (7).

of which are proposed to be a part of complex, astrochemically
relevant processes.”>~'” Two derivatives, E- and Z-1-cyano-1,3-
butadiene (E-1, Z-1) have recently been detected via laboratory
rotational spectroscopy in various chemical environments."*"”
Another 1,3-butadiene derivative, 2-cyano-1,3-butadiene (3),
has been 6generated by UV irradiation of cyanoacetylene and
ethylene.” In terms of potential relevance to astrochemistry, 1-
cyanocyclobutene (5) has been generated by photolysis of 2-
cyano—1,3—butadiene,21 and the reverse transformation can be
achieved by thermolysis.”*** Due to their proposed importance
and recent detection in reactive environments, the astronomical
search for these isomers seems warranted.

1-Cyanocyclobutene (5), the pyridine isomer presented in
this work, has a planar, four-membered ring. The 7 bond within
the ring enforces the planarity of the ring by greatly restricting
the ability of the carbon atoms to move out-of-plane.
Structurally similar, four-membered ring molecules with 7-
conjugated substituents have been studied by rotational
spectroscopy, &g p-propiolactone (10)**7*° and diketene
(11) (Figure 2). 7 Bach of these species, like cyanocyclobutene,

CN CN CN
8 5 9

o) O
£ K
10 1"
Figure 2. Structurally similar four-membered ring species: cyanocy-

clobutane (8), 1-cyanocyclobutene (5), cyano-1,3-cyclobutadiene (9),
P-propiolactone (10), and diketene (11).

has a planar ring due to the presence of sp>-hybridized carbon
atoms in the ring or conjugation between ring atoms and
substituents. Unlike the molecules mentioned above, rotational
or vibrational spectra of 1-cyanocyclobutene (5) have not been
reported in the literature. Cyanocyclobutane (8), due to its fully
saturated ring, exhibits two nonplanar conformers (—CN
equatorial or axial), which have been well-studied by rotational
and vibrational spectroscopy.”* > While the fully unsaturated
cyanocyclobutadiene (9) has been generated and characterized
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under matrix-isolation conditions,” it has not been analyzed via
gas-phase spectroscopy. Exploration of the spectroscopy and
structures of these similar compounds allows meaningful
comparisons to be made of these strained four-membered ring
systems.

B EXPERIMENTAL AND THEORETICAL METHODS

Synthesis. 1-Cyanocyclobutene () has been prepared via a
number of synthetic methods: photoinduced 4z electro-
cyclization from 2-cyano-1,3-butadiene (3),”' ring expansion
from l—cyano—bicyclo[1.1.0]butane,3‘4 base-induced elimination
from 1-chloro-2-cyanocyclobutane®>*® or 1,2-dicyanocyclobu-
tane,”>** dehydration of 1-cyclobutene-1-carboxamide,* or
photochemical [2 + 2] cycloaddition of ethylene and
cyanoacetylene.”” To prepare a sample for analysis via rotational
spectroscopy, the base-induced elimination of 1,2-dicyanocy-
clobutane described by Gale and Cherkofsky® was utilized. By
this route, 1-cyanocyclobutene (5) could be selectively obtained
on multigram scale in a two-step synthesis starting from
acrylonitrile and isolated from the 1,2-dicyanocyclobutanes by
distillation. As shown in Scheme 1, acrylonitrile (12) was

Scheme 1. Syntheses of 1,2-Dicyanocyclobutane (13) and 1-
Cyanocyclobutene (5)

CN hv CN
(a) =/ l:l:: ~1:1 trans / cis
Mo(CO)g, PPhg oN 9%
MeCN, 72 h
12 13
CN CN
Ascarite
®) Ij: O e
CN 225 °C, 2 Torr
13 5

“Isolated yield.

photodimerized to generate 1,2-dicyanocyclobutane (13) via a
[2 + 2] cycloaddition in 9% yield using Mo(CO)4 as a
photosensitizer.”* Depending on the reaction conditions, this
dimerization produces predominantly the trans stereoisomers of
1,2-dicyanocyclobutane™ or a mixture (58:42) of trans- and cis-
(1,2-dicyanocyclobutane) isomers.”” As evidenced by the 'H
NMR data provided in the Supporting Information, our reaction
yielded an approximately 1:1 mixture of the trans and cis
diastereomers. Dehydrocyanation of the mixture of 1,2-
dicyanocyclobutane isomers (13) by passing through a heated
quartz tube packed with Ascarite afforded the desired
compound, 1-cyanocyclobutene (5), in 11% yield.

Spectroscopy. Usin% a millimeter-wave spectrometer
previously described,”*" the rotational spectrum of 1-
cyanocyclobutene was collected from 130 to 230 GHz and
from 23S to 360 GHz, in a continuous flow at room temperature,
with a sample pressure of 4 mTorr. The separate spectral
segments were combined into a single broadband spectrum
using Kisiel's Assignment and Analysis of Broadband Spectra
(AABS) software.”>** Pickett’s SPFIT/SPCAT™ was used for
least-squares fits and spectral predictions, along with the
PIFORM, PLANM, and AC programs for analysis.‘ls’46 A
uniform frequency measurement uncertainty of 50 kHz was
assumed for all measurements.

Computation. Electronic structure calculations were carried
out with Gaussian 16" using the WebMO™® interface to obtain
predicted values for various spectroscopic constants. Optimized
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geometries at the B3LYP/6-311+G(2d,p) and the MP2/6-
311+G(2d,p) levels were obtained using “verytight” conver-
gence criteria and an “ultrafine” integration grid, and subsequent
anharmonic vibrational frequency calculations were carried out.
Although the B3LYP predictions of the spectroscopic constants
were adequate to begin the analysis, they did not have the
expected agreement with the experimental spectroscopic
constants. Thus, MP2 calculations were performed, and these
had slightly closer agreement with the experimental constants.
All computational output files can be found in the Supporting
Information.

Figure 3. 1-Cyanocyclobutene (S, C,, CsH;N) structure with principal
inertial axes (u, = 4.2 D, y;, = 0.07 D, MP2/6-311+G(2d,p)).

B RESULTS AND DISCUSSION

Ground Vibrational State. 1-Cyanocyclobutene (Figure 3)
is a highly prolate, asymmetric top molecule (k = —0.94) with a
strong dipole moment along its a-principal axis (y, = 4.2 D,
MP2) and much weaker b-component (y;, = 0.07 D, MP2). The
experimental spectrum from 130—360 GHz is dominated by
“Ry, transitions that appear in clearly observable bands sharing a
single ] value (Figure 4). In this frequency range, the (+) and
(—) symmetry ‘R, transitions are degenerate for the initial
series, K, = 0" and K, = 1~ but lose degeneracy at higher K. The
(+) and (=) symmetry transitions become degenerate at
different J values depending on the particular band. As the K,
quantum number increases, transitions of the two symmetries
attain K, degeneracy. The transitions in the series shown in
Figure 4 become prolate (K,) degenerate at K, = 10. This series
continues to even lower frequency as the K, value increases until
the transitions become too weak to be observed. These bands
are separated by approximately B, + C, (~4.5 GHz). Transitions
for the singly substituted heavy isotopologues, *C and "N,
could not be detected at their natural abundance. We attribute
this to the spectral density arising from the ground and
vibrationally excited states of the main isotopologue. Thus, the
work presented herein addresses only the analysis of the ground
vibrational state and first two vibrationally excited states of the
normal species.

Over 2500 transitions, represented in Figure 5, have been
measured and least-squares fit to partial-octic, distorted-rotor
Hamiltonians in the I representation for both the A (g, = 0.024
MHz) and S reductions (o5, = 0.024 MHz). The resulting values
of the spectroscopic constants are shown in Table 1, along with
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their computational counterparts. The computed rotational
constants (MP2/6-311+G(2d,p)) are within 1% of the
experimental values. Even with this relatively small difference,
the predicted sum of By + C, is approximately 37 MHz too small,
which results in “R,, band locations oft by 1.3—4.1 GHz with J”
+ 1 ranging from 32 to 87. While line assignments inside these
obvious bands are initially challenging from computational
predictions, the R-branch K, = 0 series, which are outside of
these bands and have spacing that mainly depends on C,, are the
first targets for assignment. This series has been readily
identified via a Loomis—Wood plot and subsequent assignment
and least-squares fitting has been straightforward. The
computed quartic centifugal distortion constants agree quite
well with the experimental values, the largest discrepancies being
in 6, (5%) and in d, (6%) for the A and S reductions,
respectively. Likewise, there is satisfactory agreement between
the computed and experimental sextic distortion constants, with
the largest discrepancies being in @; (32%) and in h; (9%) for
the A and S reductions, respectively. The transitions included in
the final data set are insufficient to satisfactorily determine the
sextic constants @, Hk, or h;. These constants are held at their
computed values, in a manner similar to that in previous works
where there were only a-type transitions across a similar range of
Jand K values.® Even with the inability to determine a complete
set of sextic distortion constants, three octic centrifugal
distortion constants, Ly, Ly, and Lgy;, have been satisfactorily
determined and their inclusion improves the og. Presently, no
commonly available computational software is able to predict
octic centrifugal distortion constants, so the octic constants that
are not determined have been held at zero in the least-squares fit.
This likely affects the reported octic distortion constants and
somewhat reduces their physical meaningfulness compared to
the well-determined quartic and sextic distortion constants.
Fundamental Vibrational States v,; and v,;. The
vibrational energy manifold of 1-cyanocyclobutene below 550
cm™" (Figure 6) consists of the ground state and three sets of
vibrationally excited states. The first set is a Coriolis-coupled
dyad of the two lowest-energy vibrationally excited states (v,
and v,;). The next-lowest-energy set of vibrational states
consists of a likely Coriolis-, Fermi-, and Darling—Dennison-
coupled tetrad of the corresponding two-quanta vibrational
states (2047, Uy, + Uy, and 2v;,) and fundamental v,4. Near 500
cm™!, the three-quanta states of v,, and vy, form a complex
polyad with vy, + Uy, V7 + Uag, Uss, and v1¢. While all of these
states are sufficiently intense to be observed in the current
spectral data, this work strictly focuses on the Coriolis-coupled
dyad of v,, and vy; at ca. 165 cm™. The lowest-energy
fundamental state, v, (A", 159 cm™"), is an out-of-plane bend of
the cyano substituent, with a simultaneous distortion of the
cyclobutene ring by a large motion of the C(3)H, group with
respect to C(1). The second-lowest-energy fundamental state,
V17 (A, 173 cm™), is an in-plane bend of the cyano substituent,
combined with some in-plane distortion of the cyclobutene ring.
The two lowest-energy vibrational states are expected to have
strong interactions, due to the small predicted energy separation
(14 cm™) and the combination of relatively large A, rotational
constants, Coriolis { values, and | values observed in this
frequency range. As expected, a single-state model cannot
adequately predict or fit the transitions observed for either
vibrationally excited state. Therefore, a two-state, partial-octic,
A-reduced Hamiltonian has been employed to model v,; and v,
in a manner similar to that in our previous work on
(cyanomethylene)cyclopropane.'’ The least-squares fit incor-
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Figure 4. Predicted (top) and experimental (bottom) rotational spectra of 1-cyanocyclobutene (5) from 194.3 to 195.2 GHz. Ground-state transitions
for the J” + 1 = 44 band appear in dark blue, v, in purple, and v, in green. The complete frequency spectrum from 130 to 360 GHz was obtained
automatically over approximately 6 days given these experimental parameters: 0.6 MHz/s sweep rate, 10 ms time constant, and 50 kHz AM and 500
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Figure 5. Data distribution plots for the least-squares fit of
spectroscopic data for the vibrational ground state of 1-cyanocyclobu-
tene (5). R-branch transitions are represented by black circles. The size
of the symbol is proportional to the value of I( £, — feaic) /1, where &fis
the frequency measurement uncertainty, and all values are smaller than
3.

porates at least 2200 transitions for each vibrationally excited
state and has a low statistical error (65, = 0.031 MHz). The wide
range of J (28—87) and K, (0—46 and 43 for vy, and vy,
respectively) quantum numbers recorded is illustrated in the
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data set distribution plot (Figure 7). This distribution of least-
squares fit transitions is only slightly diminished in comparison
to the vibrational ground state, due to the low energy (and thus
high population) of these vibrationally excited states.

The spectroscopic constants resulting from the final least-
squares fit (Table 2) include a precise determination of the
rotational constants for each vibrational state. The rotational
constants are well determined for each state, and the largest
experimental uncertainty appears in the values of the A,
constants, whose relative statistical uncertainties are only
0.003% of their values. The near-absence of b-type transitions
(vide infra), due to the very small g, value, contributes to this
diminished precision of A,, as in the ground state. As has been
shown for similar cases,” " the Coriolis-coupled dyad
increases the uncertainty in the A, rotational constants
somewhat, due to the high correlation between A, and the a-
type Coriolis parameters. A full set of quartic distortion
constants and a few (q)] , @, and CI)K]) sextic distortion
constants have been determined for each vibrational state. All
distortion constants that cannot be determined in the fit have
been held constant at their corresponding ground-state values.
There are no clear signs of Coriolis coupling being absorbed by
the quartic distortion constants, and all are within expected
deviations from the ground state (<10%, except Ay at 15% for
V7).

Coriolis-Coupling Analysis. The least-squares fit deter-
mines a precise energy separation (AE,;,, = 421472.50 (13)
MHz; 14.0588093 (43) cm™') between v,, and v, The
computed energy difference (13.8 cm™'; MP2) agrees very well
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Table 1. Spectroscopic Constants for the Ground Vibrational State of 1-Cyanocyclobutene (S- and A-Reduced Hamiltonian, I"

Representation)

S Reduction, I' representation

A Reduction, I" representation

Experimental MP2 “ Experimental MP2
Ao (MHz) 12492.5719 (78) 12418 Ao (MHz) 12492.5807 (81) 12418
Bo (MHz) 2364.413212 (66) 2344 Bo (MHz) 2364.41929 (11) 2344
Co (MHz) 2038.935375 (72) 2022 Co (MHz) 2038.929419 (99) 2022
Dy (kHz) 0.112235 (11) 0.108 As (kHz) 0.135307 (18) 0.129
Duk (kHz) 5.513431 (92) 5.39 A (kHz) 5.37497 (12) 5.26
Dk (kHz) 3.046 (74) 3.18 Ak (kHz) 3.252(75) 3.28
di (kHz) —0.0204606 (23) —0.0194 s (kHz) 0.020490 (11) 0.0194
d> (kHz) —0.0115338 (69) —0.0108 ok (kHz) 2.9188 (18) 2.80
H (Hz) —0.00004395 (77) —0.0000441 @y (Hz) 0.0000146 (19) 0.0000103
Hk (Hz) 0.011349 (15) 0.0109 @Dk (Hz) 0.01604 (32) 0.0155
Hgs (Hz) —0.070845 (85) —0.0718 ks (Hz) —0.0875 (11) —0.0880
Hk (Hz) [0.0710] 0.071 @Dk (Hz) [0.0825] 0.0825
h (Hz) [-0.000000621] —0.000000621 | ¢s (Hz) 0.00000622 (99) 0.00000417
h> (Hz) 0.00002895 (78) 0.0000272 ¢k (Hz) 0.00802 (20) 0.00774
h3 (Hz) 0.00000527 (33) 0.00000479 ¢k (Hz) 0.163 (14) 0.165
Lk (uHz) ~0.0000326 (12) Lk (uHz) ~0.0000387 (12)
Lk (uHz) 0.0004759 (53) Lk (uHz) 0.000300 (16)
Lixs (uHz) ~0.005681 (28) Lixs (1Hz) ~0.005089 (57)
Ai (uA?) be ~6.334144 (27) Ai (uA2)be ~6.332842 (31)
Niines ¢ 2529 Niines ¢ 2529
asit (MHz) 0.024 afit (MHz) 0.024

“Evaluated with the 6-311+G(2d,p) basis set. bInertial defect, A; =1, -1, — I “Calculated using PLANM from the B, constants. “Number of fitted

transition frequencies
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Figure 6. Vibrational energy levels of 1-cyanocyclobutene (5) below
550 cm™! from computed fundamental frequencies (MP2/6-311+G-
(2d,p)). The value of AE,;,; results from the experimental
perturbation analysis of 2,, and v, in this work.

with the experimentally determined value. The B3LYP
computed value (17.9 cm™) is slightly overpredicted (ca. S
cm™"), as is the case in several similar works involving coupled
dyads.*”®° The high precision of the experimental value of
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AE,, , arises because the data set includes all of the following:
(i) numerous rotational transitions involved in global
interactions between the two fundamentals, (ii) rotational
transitions involved in local resonances occurring from energy-
level crossings, and (iii) (formally forbidden) interstate
transitions that involve changes in both rotational and
vibrational quantum numbers. The symmetries of the two
fundamentals, v, (A”, 159 cm™) and vy, (A’, 173 cm™), allow
for both a- and b-type Coriolis coupling between the states. The
final least-squares fit requires incorporation of nine Coriolis-
coupling terms (G, , G/, G5, G/, F,., X G,, G/, E,) to
quantitatively account for both of these types of coupling across
the observed spectrum.

The initial fitting process of the first several K, series for each
vibrational state has been accomplished by varying the energy
separation and the G, value to account for, and adequately
predict, the global undulation that is present for each series. This
global undulation in Figure 8 appears to be small relative to the
magnitude of the local resonances at higher J and K. Figures 9
and 10, however, better illustrate the substantial impact of the
global undulation on several K, series. The undulation is
observed at low ] for low K, series and progresses higher in J as
K, increases until approximately K, = 20 for v,, (lower for v;,)
where the position of the global undulation has increased to ]
values beyond the range investigated in this experiment. The
values of ] for a particular K, at which the global undulation is
most apparent are always those that correspond to the
changeover from oblate asymmetric top behavior at low J to
prolate-like at high J. During fitting, if any local resonances are
predicted in the K series, transitions involved in the resonance,
along with several transitions at lower and higher ] values, are
omitted from the fit until the global undulation is treated well.
Once the global perturbation is well predicted, the local

https://doi.org/10.1021/acs.jpca.2c00384
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Figure 7. Data distribution plot for data in the two-state fit of v,; and v,
of l-cyanocyclobutene (5). The size of the plotted symbol is
proportional to the value of I(f,,s — fic)/Of |, where &f is frequency
measurement uncertainty, and values greater than or equal to 3 are
marked in red.

resonances can be more readily assigned. As more transitions are
incorporated into the least-squares fit, additional coupling terms
are needed to account for the complex interactions between the
two fundamental states. During the fitting process, all centrifugal
distortion constants are monitored for signs of absorbed Coriolis
perturbation or unfavorable correlations between distortion and
coupling constants. This iterative process allows for a fully
predictive fit to be achieved, which in turn makes it possible to
perform a final frequency sweep measuring and recording every
visible transition for each fundamental. Lastly, the nominal
interstate transitions are measured and included in the least-
squares fit in all cases where confident assignments can be made
(vide infra).

Figure 8 illustrates the regularity of the a-type local
resonances, which begin at K, = 4™ at ] = 48 and subsequently
increase in ] by five until the end of the measured frequency
range. As the local resonances progress to higher J, their
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magnitude increases with the largest resonance occurring at K, =
107. This most displaced transition at | = 78 is approximately 9
GHz away from its unperturbed predicted position. A significant
number of resonances (~40) are observed, with the majority
being a-type resonances. The a-type resonances are also
significantly larger in magnitude than b-type resonances, as
can be seen in Figures 9 and 10.

A few a-type resonances are shown in Figure 9a; the K, = 17
series of v, has two a-type resonances, at ] = 37 and 47, with
AK, =4 and 2 selection rules, respectively. The paired resonance
at J = 37 is in Figure 9c with the K, = 5* (AK, = 4) series of v,
and is obscured by the global undulation. The magnitude of the
resonance and ] value are exactly the same in the two series,
although the different scale factors in the plots make this more
difficult to see in the figure. The second paired local resonance at
J =47 is shown in Figure 9b with the K, = 3* (AK, = 2) series of
Vy7, and in this case the symmetry is more visually obvious.
Figure 9d containing the K, = 3™ series of v/}, is included because
it shows another paired resonance for the K, = 5* series of v,; at |
= 58. The K, = 3™ series of v, has a second resonance at | = 43,
which is paired with the K, = 7" series of v,, (not shown). An
example of a b-type local resonance at | = 72,73 is shown in
Figure 10, between the K, = 9" series of v, and the K, = 12*
series of 15, (AK, = 3). The AK, selection rule is always even for
a-type and odd for b-type resonances; in addition, there is a
change in symmetry for a-type and no change in symmetry for b-
type coupling.

An additional indication of unaddressed Coriolis coupling
would be if the vibration—rotation interaction constants for v,,
and v} exhibit large, equal and opposite values. The B, — B, and
Cy — C, values presented in Table 3 are relatively small in
magnitude, exhibit the same sign, and show excellent agreement
between experiment and theory. These observations support the
interpretation that these values are physically meaningful and
that their corresponding rotational constants are well
determined and likely free of residual Coriolis-coupling effects.
The experimental and computational Ay — A, values are in quite
poor agreement and are much larger in magnitude than the B, —
B, or Cy — C, values for each vibrational state. It is unclear to
what extent these large values of Ay — A, and the disagreement
between their theoretical and experimental values are caused by
residual unaddressed Coriolis coupling or by poorly estimated
Ay — A, values. A similar observation was made for the A, — A,
values in the analogous Coriolis-coupled dyad of
(cyanomethylene)cyclopropane.'® The discrepancy is larger
for 1l-cyanocyclobutene (S), but, for both molecules, the
computed values for these interactions are of opposite sign
than the fitted ones. Given the close agreement in the averages of
these values, at least some untreated coupling must be manifest
in the experimental and/or theoretical values. The very large
data sets and the overall quality of the least-squares fits, however,
make it possible that A,; and A;, are close to their true values,
despite the discrepancy with the theoretical calculations.

The lowest-order spectroscopic Coriolis coupling parameters,
G, and G, can be predicted, given the Coriolis constant , by eq
1, where @ is the harmonic vibrational frequency of the
corresponding mode and « is the corresponding inertial axis.

Wy + @
27 17
G

= —L L
N@y7 X @7

The experimental { values in Table 3 are calculated from eq 1
using harmonic frequencies computed by MP2, the exper-

X X X X
$ri7Br = 2855158,

(1)
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Table 2. Spectroscopic Constants for Vibrationally Excited States v,, and v, of 1-Cyanocyclobutene (5) (A-Reduced

Hamiltonian, I" Representation)

Ground State

va7 (A", 159 cm )b

vi7(A', 173 cm )«

Ao (MHz) 12492.5807 (81) 12576.09 (31) 12402.39 (31)

Bo (MHz) 2364.41929 (11) 2367.99024 (40) 2370.86901 (39)
Co (MHz) 2038.929419 (99) 2043.148392 (65) 2041.224377 (62)
Ay (kHz) 0.135307 (18) 0.138684 (12) 0.139633 (12)
Ak (kHz) 537497 (12) 5.53104 (59) 5.16909 (58)
A (kHz) 3.252 (75) 3.744 (25) 3.233 (29)

& (kHz) 0.020490 (11) 0.0205743 (24) 0.0219861 (20)
o (kHz) 29188 (18) 2.92104 (42) 2.99398 (54)
@ (Hz) 0.0000146 (19) 0.00002013 (98) 0.0000183 (10)
@k (Hz) 0.01604 (32) 0.016545 (44) 0.015331 (43)
@, (Hz) —0.0875 (11) —0.10018 (25) —0.06685 (23)
@k (Hz) [0.0825] [0.0825] [0.0825]

& (Hz) 0.00000622 (99) [0.00000622] [0.00000622]
¢k (Hz) 0.00802 (20) [0.00802] [0.00802]

¢ (Hz) 0.163 (14) [0.163] [0.163]

AE 421472.50 (13) MHz / 14.0588093 (43) cm™!
Ga (MHz) 19993.0 (33)

G’ (MHz) -0.016787 (14)

G.X (MHz) -0.2226 (14)

G’ (MHz) 0.00000003739 (26)
Fse (MHz) -0.1191 (29)

FyX (MHz) —0.00010156 (99)

G» (MHz) 97.09 (85)

G’ (MHz) -0.780 (57)

Fae (MHz) —0.0004476 (74)

Ai (uA?) <4 —6.332842 (31) —6.25371 (99) —6.3242 (10)
Niines © 2529 2300 2233

i (MHz) 0.024 0.030 0.032

“Fundamental frequencies calculated using MP2/6-311+G(2d,p). bQctic centrifugal distortion constants (not shown) were held constant at their
ground-state values. “Inertial defect, A; = I, — I, — I,. 9Calculated using PLANM from the B, constants. “Number of fitted transition frequencies.
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Figure 8. Superimposed resonance plots of vy, for “Ry; K, series from 1 to 15 for 1-cyanocyclobutene (5). Measured transitions are omitted for
clarity, but they are indistinguishable from the plotted values on this scale. The plotted values are frequency differences between excited-state

transitions and their ground-state counterparts, scaled by (J” + 1).

imentally determined G, , and rotational constants corrected by
half the sum of the corresponding MP2 vibration—rotation
interaction constants for all vibrations. The experimental value
of {3717 is slightly greater than the computational predictions,
while the experimental value of C§7,17 is smaller by a similar
magnitude.

The observed resonances are a result of state mixing between
V,; and vy. This state mixing can result in interstate transitions,
where simultaneous changes in rotational and vibrational
quantum numbers occur. The energy separation in the
Coriolis-coupled dyad, v,, and v, (14.0588093 (43) cm™), is
small enough to cause intense local resonances and state mixing,

1986 https://doi.org/10.1021/acs.jpca.2c00384
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Figure 9. Resonance plots for 1-cyanocyclobutene (5) showing the K, = 1~ and 3™ series for ;; and K, = 3" and 5" series for ;. These are examples of
resonances conforming to the AK, = 2 or 4 selection rules for a-type resonances. The plotted values are frequency differences between excited-state
transitions and their ground-state counterparts, scaled by (J” + 1) in order to make the plots more horizontal. Measured transitions are represented by
circles: v,; (purple), vy, (green). The measured transitions with |(f,ps — fic)/5f | > 3 are marked in red. Predictions from the final coupled fit are

represented by a solid, colored line.

and this allows a significant number (57) of nominal interstate
transitions to be assigned. These transitions are assigned by
comparison of the experimental and predicted frequencies, as
well as by comparison of the observed average frequencies,
which should ideally be exactly the same for matched sets of
corresponding inter- and intrastate transitions. Two nominal
interstate transitions, along with their corresponding intrastate
transitions, are shown in Figure 11. Each measured transition
includes its obs.—calc. value in parentheses. The average
frequencies of the inter- and intrastate transitions shown in
Figure 11 differ by only 62 kHz, illustrating the accuracy of the
measurements and the correctness of the assignments. The
corresponding intrastate resonances (J” + 1 = 73) from the K, =
9~ series of v,; and the K, = 5" series of v}, are displayed in
Figure 11 to illustrate that the resonances and observable
interstate transitions occur at the same ] values, as a result of
significant state mixing. For example, the smallest energy
separation, AE = 8984 MHz, occurs between 734 for v,; and
735,65 for vy;, which corresponds to the intrastate transitions
most shifted in frequency for each vibrational state.

A rarely reported type of intensity enhancement by state
mixing has been found in this spectrum. 1-Cyanocyclobutene
has a quite small b-type dipole moment (y, =4.2 D, u;, = 0.07 D,
MP2), which prevents observation of any b-type transitions in
the ground state or in v,;. Due to the Coriolis-coupling between
V,7 and 1,5, however, indirect state mixing enhances the intensity
of approximately 35 b-type transitions for v, sufficiently that

1987

they become measurable and are included in the least-squares fit
of the coupled dyad. As exemplified in the Loomis—Wood plot
in Figure 12, many of these intense b-type transitions occur near
the J-levels where degeneracy of the ‘R, K," and K, series is
established, and also near, but not necessarily exactly coincident
with, J values where local resonances are observed between the
two vibrational states. In most K,"/K,” series for v}, the rigid-
rotor asymmetry splitting results in only the expected doublet at
low ] values. In the case of the K,*/K,” = 1 and 2 series shown,
however, the two transitions involving the | = 48 level both
exhibit the formation of a quartet that includes observably
intense b-type transitions. At lower J-levels, the b-type
transitions disappear, and the series progresses with the expected
doublet pattern. Due to strong, local perturbation, transitions in
the J” + 1 = 50—53 range are nondegenerate but do not exhibit a
clear doublet structure. The K,*/K,” = 1 and 2 series become
degenerate after the resonances at J” + 1 = 57. These b-type
transitions are allowed, to a negligible extent, due to the small b-
type dipole moment component. They are much more intense,
however, due to intensity borrowing from a-type transitions with
the same ] values. Although the closest relevant resonance with
V,; is at | = 51, this is still a ] region of significant state mixing
with 7,7, which has the effect of perturbing the energy levels of
vy, The perturbation causes two of the v,; energy levels to cross
at or near the J value where the observed b-type transitions are
most intense. In some of the observed cases, the mixing is
sufficiently strong that SPFIT and SPCAT reverse the labels of

https://doi.org/10.1021/acs.jpca.2c00384
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Figure 10. Resonance plots for 1-cyanocyclobutene (5) showing the K,
= 9" series for v; and K, = 127 series for v,,. These two resonances
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the final coupled fit are represented by a solid, colored line.

Table 3. Vibration—Rotation Interaction and Coriolis-
Coupling Constants of 1-Cyanocyclobutene (5)

Experimental B3LYP ¢ MP2 ¢
Ao — A>7 (MHz) —83.41 31) 17.8 17.4
Bo — Byy (MHz) ~3.57095 (41) -3.42 -3.25
Co — C27 (MHz) ~421897 (12) -4.07 -3.94
Ao — 417 (MHz) 90.19 31) TN 726
Bo— Bi7 (MHz) ~6.44972 (41) —6.11 -6.29
Co— Ci7 (MHz) ~2.29495 (12) —2.14 -2.26
(Ag—Az7)+(Ag—A17)
= (MHz) 338(22) 3.36 5.05
(Bo—B27)+(Bo—B17)
SR (MHZ) 501033 (29) -4.77 -4.77
Co—C: Co—C
Lot (Co-Cr) ;( 0=C17) (MHg) ~3.256965 (83) -3.10 -3.10
{$717 0.807 0.751 0.744
{Prar 0.021 0.027 0.0227

“Evaluated with the 6-311+G(2d,p) basis set.

the mixed energy levels, resulting in an apparent exchange of the
a-type and b-type identification of the transitions in the quartet.
An example of that can be seen in the ] = 48—49 transitions in

1988

Figure 12, where SPFIT and SPCAT misidentify the a- and b-
type transitions. Because of this problem, we manually shifted
this frequency segment in the Loomis—Wood plot by ~3 MHz
to visually align all (lower-frequency) a-type transitions for
clarity. In an extreme case of intensity borrowing, J” + 1 = 81 for
K,*/K,” = 5 and 6 transitions, almost all of the intensity is
transferred from the a-type to b-type transitions. In all cases,
SPCAT does accurately reproduce the observed pattern of the
quartet, including the relative intensities. A summary listing of all
b-type transitions included in the least-squares fit is provided in
the Supporting Information.

There are several important clues to the quantum mechanical
origin of the intensity enhancement of the nominally b-type
transitions. First, this quartet phenomenon requires having both
a- and b-type Coriolis coupling between v,, and v,;, which is
easily confirmed by setting the b-type Coriolis parameters to
zero in SPCAT, in which case the predicted intensities of the
lines in question are not greater than they are in the ground-state
spectrum, i.e., negligible. Second, unlike the local resonances
observed between states, the enhancement effect is not present
in the spectra of both vibrational levels; it is present only in v},
(to be explained below). Finally, the frequency splittings of the
quartets and the intensities of the “b-type” peaks are both highly
dependent upon the energy-level splittings of the two near-
degenerate rotational levels in v, and on the distance of these
two levels from the Coriolis-connected rotational levels in v,
although not in a simply recognizable way. All these observations
can be clearly understood by consideration of the diagonaliza-
tion of the two-state Hamiltonian matrix for the ] involved,
focusing on the three or four vib-rotational levels of most
interest. Figure 13 shows an example of four vib-rotational levels,
where the 48, ;, and 48, , energy levels for v, are connected to
the 48; ,, and 48, 4, energy levels, respectively, for v,; through a-
type Coriolis coupling. These v, energy levels are also
connected to the other two rotational energy levels (48, ,; to
48, 44 and 48, 4, to 48;,,) through b-type coupling (to a lesser
extent). This double coupling in the matrix allows the 48, ,, and
48, 47 energy levels to indirectly mix with each other. The degree
of this mixing is normally small, but it is greatly amplified when
the two levels are very close to each other, i.e., near-degenerate,
ultimately leading to the b-type transitions we have observed. In
general, two connecting states in 1,5, e.g., both 48 4, and 48, ., in
the above instance, are not required for this effect, and cases of
only one rotational energy level of v, interacting strongly with
the two near-degenerate energy levels of v, are observed here.
At first glance, one would suspect, from the symmetry of the
interaction and the quantum number types involved, that the
same phenomenon could be observed in v,,. It must be
remembered, however, that because v,, has the lower vibrational
energy, its resonances must always have the higher K, value. The
higher K, value implies a greater oblate asymmetry (lower K,) at
any particular J value, which in turn yields much larger
asymmetry splittings. This renders the indirect mixing of the
two rotational states in v,, inconsequential. An interesting
aspect of the “b-type” intensities predicted by SPCAT is that
they do, in fact, depend on the value of y,, to a noticeable extent
(about 10% when going from 0 to 0.07 D). This behavior is
understood by considering that the intensities are proportional
to the absolute square of a sum of (large) y, and (small) y,
matrix elements. Thus, the cross term is more substantial than
the square of the y;, term (which leads to negligible intensity by
itself) and does produce significant increases or decreases in
predicted intensity. This example of a quantum interference
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Figure 11. Energy diagram (left) depicting a representative matched pair of nominal interstate transitions between the 1, (purple) and v, (green)
vibrational states of 1-cyanocyclobutene (S). Standard “Ry, transitions within vibrational states are denoted by vertical arrows. The diagonal, dashed
arrows indicate nominal interstate transitions that are formally forbidden but enabled as a result of rotational energy level mixing. Values printed on
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between the two strongly interacting rotational energy levels. Resonance plots (right) of the K, series of 1, and v, that contain the corresponding
resonant transitions labeled with their quantum numbers and marked by colored arrows.
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Figure 12. Loomis—Wood plot centered on the K, = 27 series for v,
ranging in J” + 1 =42—53. The K, = 1" can be seen higher in frequency
below J” + 1 = 47 in a typical doublet pattern progressing further away
in frequency as J” + 1 decreases. A quartet of a-type (red) and b-type
(blue) transitions is then observed for J” + 1 = 48 and 49. The Loomis—
Wood frequency segment corresponding to J” + 1 = 49 was shifted
lower in frequency by 3 MHz for this figure due to the SPCAT
misassignment of the a- and b-type transitions.

effect may well be more important in other molecules with a
somewhat larger y;,. Meanwhile, this phenomenon is not
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Figure 13. Four-state vib-rotational energy level diagram showing the
states involved in creating an observable quartet in the K,*/K,” = 1 and
2 series. The red and black arrows indicate the b- and a-axis Coriolis
interactions, respectively, that allow for state mixing between states.

possible in a molecule where the second dipole component is
exactly zero, since the molecular symmetry that causes it will also
mean that only one type of Coriolis coupling is allowed between
any two vibrational states. Of course, if both dipole moment
components are comparable in magnitude, the effects of the
indirect coupling may not even be noticed.

Higher up the vibrational manifold, at approximately 330
cm™, the two-quanta vibrational states of ,, (A”) and v, (A")
form a coupled tetrad with v,4. This tetrad is expected to be well-
isolated from other vibrationally excited states and of sufficient
intensity that the rotational spectra of all four states can be
measured, assigned, and least-squares fit, using the spectral data
we have already acquired. Despite the complicating interaction
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with 1,5 (A”), this tetrad can be addressed using the same
general methodology recently employed with benzonitrile,
where the triad consisting of the overtones and simple
combination of the two lowest-lying states is analyzed very
successfully.’’ In that study, the harmonic and anharmonic
vibrational constants for the states involved are well predicted by
the xguinea routine of CFOUR, as was the Darling—Dennison
coupling term connecting the two overtone states. Furthermore,
it has been found that the higher-order Coriolis coupling
coefficients, e.g, G,/ or F,., for the triad scale rather closely as a
factor of /2 from the corresponding ones of the dyad.
Equivalent predictions and scaling for 1-cyanocyclobutene
should greatly expedite assignment of the tetrad, and a successful
fit would provide a further test of the accuracy of the predicted
and scaled parameters. The v, fundamental should be coupled
by anharmonic resonance to the combination state and by
higher-order Coriolis interactions to all three triad states.
Acquisition and analysis of the modestly strong v, band, its two
hot bands, and possibly the weaker v,, and v,4 bands, by high-
resolution infrared spectroscopy, and a successful perturbation
analysis of the tetrad, in addition to the results of this study, can
potentially provide highly accurate absolute vibrational energies
of the lowest six excited vibrational levels of 1-cyanocyclobu-
tene.

B CONCLUSION

The ground-state spectroscopic constants of 1-cyanocyclobu-
tene (5) from this work should provide an excellent foundation
for predicting frequencies for an astronomical search, even for
transitions well outside the range explored here. In the lower
microwave region and for the lower J transitions most often used
in radioastronomy, these predictions would require inclusion of
the effects of nuclear hyperfine structure. The needed quadru-
pole coupling constants can be well estimated computationally,
or they could be much better determined by measuring and
analyzing a few resolved hyperfine multiplets for low-J
transitions occurring in the lower microwave region. Unlike
several other C;H(N isomers,” the ground-state of 1-
cyanocyclobutene (5) is well fit by a single-state Hamiltonian
model, so the present centrifugal distortion analysis should
provide accurate frequency estimates well above the current
range. The accuracy is of course expected to degrade gradually as
one encounters quantum number values further removed from
those sampled in this study.

The experimentally well-determined higher-order Coriolis
coupling parameters for interacting fundamental states in 1-
cyanocyclobutene (S) contribute to a steadily growing list of
organic molecules that have been analyzed in this level of detail.
A similar statement can be made about the quartic centrifugal
distortion constants for the two vibrationally excited states.
Neither these higher-order Coriolis constants nor the changes
between the ground-state and vibrationally excited-state
centrifugal distortion constants, however, can be meaningfully
estimated via any readily available computational software
package. A practical computational approach to obtaining these
constants thus remains a pressing challenge for theory. Not only
would such computed values serve as a measure of quality for a
least-squares fit, but they would also likely improve the initial
predictions of excited-state rotational spectra and thereby
facilitate the early stage of the fitting process. Incorporation of
these computed values in the least-squares fit for all constants
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that could not be adequately determined should also improve
the accuracy of those constants that can be varied and fit.

B GENERAL EXPERIMENTAL METHODS

All commercial reagents were purchased from Sigma-Aldrich or
Oakwood Chemical and used as received, unless otherwise
noted. '"H NMR spectra (400 or 500 MHz) and *C NMR
spectra (100 or 125 MHz) were obtained in CDCl; on a Bruker
400 MHz AVANCE III or Bruker 500 MHz DCH AVANCE III
spectrometer; chemical shifts (5) are reported as ppm downfield
from internal standard SiMe, or referenced to residual solvent
signals. Mass spectra were acquired using electrospray ionization
(ESI) or the atmospheric solids analysis probe (ASAP) on a
Thermo Scientific Q-Exactive Plus mass spectrometer. GC/MS
analysis was performed on a Shimadzu GCMS-2010S instru-
ment. IR spectra were obtained on a Bruker TENSOR Fourier
transform infrared instrument as neat samples using an
attenuated total reflectance accessory (Bruker PLATINUM
ATR).

Mixture of trans- and cis-1,2-Dicyanocyclobutane
(13). Note: Exposure of the reaction mixture to short-wavelength
UV—C (254 nm) is critical and necessitates the use of a quartz
reaction vessel or immersion probe.

Photolyses were carried out in an immersion-type quartz
photochemical reactor (Ace Glass # 7861-250) having an inner
annular volume of 500 mL and equipped with a magnetic stirrer.
Into the water-cooled quartz immersion probe was inserted a
centrally positioned 450 W medium-pressure mercury arc lamp
(Hanovia # 679A36, 122 mm arc length). The quartz lamp
chamber was continuously purged with a slow, steady stream of
dry N, to prevent ozone generation/damage during lamp
operation. Molybdenum hexacarbonyl (Mo(CO), 5.43 g, 20.6
mmol), triphenylphosphine (PPh,, $.42 g, 20.7 mmol),
hydroquinone (350 mg, 3.2 mmol), acrylonitrile (195 mlL,
160 g, 3 mol), and acetonitrile (143 mL) were added to the
annular reactor compartment, and the mixture was stirred until
most of the solids were dissolved. The reaction mixture was
purged under a steady stream of dry N, for S min. The reactor
vessel was then maintained under a nitrogen atmosphere. With
the immersion probe coolant flowing, the lamp was ignited, and
the temperature of the stirred reaction was maintained at 55—60
°C by the heat of the mercury lamp throughout the course of the
photolysis. Any remaining undissolved reactants dissolved
within minutes of igniting the lamp as the reaction temperature
increased. The reaction progress was monitored via "H NMR
over the 72 h photolysis. After the irradiation time had elapsed,
the photolysis was halted, and the reaction vessel was cooled to
room temperature. The amber-colored reactor contents were
filtered through a coarse glass-fritted funnel and concentrated in
vacuo to remove acetonitrile and acrylonitrile. The resulting
deep-red oil was purified via short-path vacuum distillation to
afford a mixture of 1,2-dicyanocyclobutane stereoisomers (13)
as a viscous amber oil that solidified upon cooling to room
temperature (14.6 g, 0.138 mol, 9%, bp = 110—125 °C at 2
Torr). "H NMR (CDCl,, 500 MHz): § (ppm) 3.42—3.60 (m,
2H), 2.42—2.62 (m, 4H). trans *C{'H}-NMR (CDCl,, 125
MHz): § (ppm) 118.6, 26.6, 24.8. cis *C{'H}-NMR (CDCl,,
125 MHz): 5 (ppm) 118.3,26.7, 24.8. IR (neat): (cm™") 2969
(m), 2242 (s), 1444 (m), 1244 (w), 1205 (m), 751 (w), 492
(w). HRMS (ASAP-MS), m/z: [M + H]" Calcd for C4H,N,:
107.0604. Found: 107.0604.

1-Cyanocyclobutene (5). A vertical quartz tube 50 cm long
and 2.5 cm in diameter, with 20 cm of its length packed with
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Ascarite (Aldrich, 20—30 mesh), was heated in a 40 cm long
cylindrical tube furnace to 200 °C for 2 h under a steady stream
of dry N, to remove water or absorbed gases from the Ascarite
bed. A stoppered pressure-equalizing dropping funnel contain-
ing 1,2-dicyanocyclobutane (13, 9.95 g 94 mmol) was
connected to the top of the quartz reactor tube and the bottom
was connected to a vacuum manifold through a series of three
dry ice/acetone cooled traps. The temperature of the tube
furnace was set to 225 °C, and the system was evacuated to a
pressure of S00 mTorr. The dropping funnel at the top of the
reactor was lightly heated with a heat gun until the 1,2-
dicyanocyclobutane was thoroughly melted and degassed. The
1,2-dicyanocyclobutane melt was added dropwise to the heated
reaction tube. The rate of addition was sufficient to maintain an
internal pressure below 2 Torr. The complete dropwise delivery
of molten 13 to the heated reactor bed was achieved over a
course of 2 h. A total of 1.56 g of hazy, colorless liquid was
recovered from the traps after the addition of 13 was completed.
The collected distillate was cooled to 0 °C on ice and allowed to
separate. The clear organic supernatant layer was separated and
dried over granular anhydrous Na,SO, to yield 1-cyanocyclo-
butene (5) as a colorless oil (834 mg, 10.6 mmol, 11%). 'H
NMR (CDCl,, 500 MHz): & (ppm) 6.78 (t, J = 1.4 Hz, 1H),
2.84 (dd, ] = 3.4 Hz, 2H), 2.63 (ddd, ] = 3.4 Hz, 3.2 Hz, 1.4 Hz,
2H). BC{'H}-NMR (CDCl,, 125 MHz): § (ppm) 153.0, 117.2,
113.9,32.4,30.3. IR (neat): (cm™") 2978 (w), 2937 (m), 2835
(w), 2218 (m), 1584 (w), 1425 (w), 1252 (m), 1213 (w), 1162
(w), 1073 (w), 936 (w), 910 (m), 867 (m), 757 (m), 684 (w),
584 (w), 516 (s). HRMS (ASAP-MS), m/z: [M + H]* Calcd for
CsHgN: 80.0495. Found: 80.0494.
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The rotational spectrum of 2-cyanopyrimidine has been obtained from 130 GHz to 500 GHz. Over 7500 vibra-
tional ground-state transitions have been assigned and least-squares fit to partial octic, A- and S-reduced
Hamiltonians with low error (o5: = 36 kHz). The two lowest-energy fundamental modes, the out-of-plane (v1g)
and in-plane (vyy) nitrile bending modes, form a Coriolis-coupled dyad similar to the analogous fundamental
states of other cyanoarenes. The coupled dyad was least-squares fit to a partial octic, A-reduced Hamiltonian (o
= 47 kHz) with over 6700 transitions for each vibrational state, including transitions that are perturbed or
involved in resonances, as well as symmetry-allowed nominal interstate transitions resulting from Coriolis
coupling. The spectroscopic information from these transitions enabled the determination of a highly precise
energy separation (AEig 27 = 38.9673191 (77) cm™ ) and six Coriolis-coupling coefficients (G, Gl GK, GY, Fy,
and FX.). The spectroscopic constants and transitions presented in this work provide the foundation for future

radioastronomical searches for 2-cyanopyrimidine.

1. Introduction

There has been long-standing interest in elucidating the molecular
composition of various extraterrestrial environments, with particular
attention on aromatic compounds. The detection of benzene via infrared
spectroscopy in proto-planetary nebula CRL 618 [1] was a catalyst to
search for other aromatic molecules; the search for aromatic heterocy-
cles, however, has been unsuccessful [2-5]. Pyrimidine is of particular
interest as an astronomical target because its core is present in various
biological and prebiotic molecules. These include thymine, uracil,
cytosine, thiamine (vitamin B1), and alloxan, as well as various syn-
thetic drugs [6]. Therefore, detection of pyrimidine in an extraterrestrial
environment would signify detection of a biologically relevant molecule
in a harsh, possibly prebiotic environment. Despite multiple attempts,
there have been no reported interstellar detections of this molecule
[2,5,7]. Radioastronomy, which relies on the population of the species
in the source observed and on the intrinsic intensity of its rotational
transitions due to its dipole moment, is the preferred method of detec-
tion because it is reasonably unambiguous in molecular identification.
The inability to detect nonpolar or weakly polar aromatic molecules has
led to attempts to detect simple derivatives of those molecules with
nitrile substituents, which tend to bestow a large dipole moment. The
larger dipole moment leads to a greater chance of detection by

* Corresponding authors.

radioastronomy, which is illustrated by the prevalence of nitrile-
containing molecules detected in the interstellar medium (ISM) [8,9].
Such attempts to detect nitrile-containing derivatives have been suc-
cessful for benzonitrile [10] and cyanonaphthalenes [11], suggesting
their parent molecules are also present in space. These astronomical
detections rely on the availability of accurate spectroscopic constants
determined from laboratory spectra. Given the success of nitrile-
substituted detections, our group reported the rotational spectral ana-
lyses of several nitrile-containing aromatic and heteroaromatic com-
pounds (Fig. 1), including benzonitrile [12,13], 2-cyanopyridine [14],
3-cyanopyridine [15], 4-cyanopyridine [16], cyanopyrazine [17], and
2-cyanopyrimidine (presented in this work) in their ground and vibra-
tionally excited states. In contrast to the situation with benzonitrile and
the cyanopyridines, for which some spectroscopic data had been pre-
viously available [18-21], 2-cyanopyrimidine and cyanopyrazine did
not have previously reported rotational spectra.

The two lowest-energy vibrational modes for molecules containing a
n-conjugated nitrile moiety are typically the in-plane and out-of-plane
bending modes of the nitrile, and these modes are often sufficiently
close in energy that Coriolis coupling is observed in the millimeter-wave
frequency transitions. Analysis of the rotational spectra for these
vibrational modes for benzonitrile [12,13], 3-cyanopyridine [15], 4-cya-
nopyridine [16], cyanopyrazine [17], 1-cyanocyclobutene [22],
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Fig. 1. Cyanoarenes derived from benzene, pyridine, pyrimidine, and pyrazine.
Table 1

Energy differences between out-of-plane and in-plane nitrile bending modes for
molecules containing a n-conjugated nitrile moiety.

out-of- in- AEip_o0p (em™)
plane plane
benzonitrile [12,13] Vaa, By Va3, Bo 19.1081701(74)
3-cyanopyridine [15] v3g, A" Va1, A 15.7524693 (37)
4-cyanopyridine [16] V20, B1 V30, B2 18.806554 (11)
cyanopyrazine [17] Vo7, A" V19, A’ 24.8245962 (60)
2-cyanopyrimidine (this work) V1, By Va7, Bo 38.9673191 (77)
1-cyanocyclobutene [22] Vaz, A vi7, A/ 14.0588093 (43)
(cyanomethylene)cyclopropane Vay, A" vi7, A —29.8975453 (33)
[23]
acrylonitrile [24,25] V15, A vy, A/ —104.378277 (6)

(cyanomethylene)cyclopropane [23], and acrylonitrile [24] required
the use of vibrationally coupled Hamiltonians to assign the observed
rotational transitions and resulted in the determination of highly accu-
rate and precise energy separations between the two fundamental states
(Table 1). For each of the cyano-substituted aromatic compounds
observed, the out-of-plane nitrile bending mode is lower in energy
(Table 1). The coupling and state mixing result in rotational transitions
influenced by Coriolis perturbation. This perturbation results in the
appearance of local resonances, i.e., transitions whose frequencies are
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drastically shifted from where they would be expected in the absence of
perturbation, and formally forbidden, nominal interstate transitions.
While band origins can be determined from high-resolution infrared
spectroscopy, as has been done for benzonitrile [13] and acrylonitrile
[24], it is the various coupling interactions affecting the rotational
transition frequencies that enable the highly precise determination of
the energy separation between vibrational states. This work presents the
rotational spectroscopy and analysis of the ground and two lowest-
energy vibrationally excited states of 2-cyanopyrimidine from 130
GHz to 500 GHz.

2. Experimental methods

A commercial sample of 2-cyanopyrimidine (Oakwood, 99% purity)
was used without further purification. Using a millimeter-wave spec-
trometer that has been previously described [26,27], the rotational
spectrum of 2-cyanopyrimidine was collected from 130 to 230 and from
235 to 360 GHz in a continuous flow at room temperature, with a sample
pressure of 3 mTorr. Additional spectral data were obtained with a
newly acquired amplification and multiplication chain that extended the
frequency range to 500 GHz with a sample pressure of 4 mTorr. The
separate spectral segments were combined into a single broadband
spectrum using Kisiel’s Assignment and Analysis of Broadband Spectra
(AABS) software [24,28]. The complete spectrum from 130 to 500 GHz
was obtained using automated data collection software over approxi-
mately nine days given these experimental parameters: 0.6 MHz/sec
sweep rate, 10 ms time constant, and 50 kHz AM and 500 kHz FM
modulation in a tone-burst design [29]. Pickett’s SPFIT/SPCAT pro-
grams [30] were used for least-squares fits and spectral predictions,
along with Kisiel’s PIFORM, PLANM, and AC programs for analysis
[31,32]. A uniform frequency measurement uncertainty of 0.050 MHz
was assumed for all measurements.

3. Computational methods

Electronic structure calculations were carried out with Gaussian 16
[33] using the WebMO interface [34] to obtain theoretical spectroscopic
constants. Optimized geometries at the B3LYP/6-311+(2d,p) and MP2/
6-311+(2d,p) levels were obtained using “verytight” convergence
criteria and an “ultrafine” integration grid. Subsequent anharmonic

Intensity

100 200

300 400 500

Frequency /GHz

Fig. 2. Predicted rotational spectrum of the ground vibrational state of 2-cyanopyrimidine at 292 K.
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Fig. 3. 2-Cyanopyrimidine (Cs,, o = 6.5 D, B3LYP) structure with principal
inertial axes.

vibrational frequency calculations were carried out to obtain vibra-
tion-rotation interaction constants and predictions of the centrifugal
distortion constants. These methods have been effective to generate the
necessary spectroscopic constants for adequate a priori predictions for
other cyanoarenes [12,13,15-17]. From the optimized geometries,
magnetic calculations were also performed to obtain theoretical nuclear
quadrupole coupling constants. Computational output files can be found
in the supplementary material.

4. 2-Cyanopyrimidine rotational spectrum

The rotational spectrum of 2-cyanopyrimidine was obtained from
130 to 500 GHz. This frequency range satisfactorily covered the most
intense rotational transitions, as judged by comparison to the predicted
rotational populations in the 2-cyanopyrimidine spectrum at ambient
temperature (Fig. 2). While the peak transition intensities occur near
220 GHz, there is still substantial intensity well beyond 400 GHz. As will
be discussed below, this extension in the frequency range to 500 GHz
was vital in the analysis of the Coriolis-coupled dyad of vig and vy,
because most resonances were observed between 375 and 500 GHz,
providing crucial coupling information.

4.1. Ground-State spectral analysis
The rotational spectrum of 2-cyanopyrimidine (x = 6.5 D (B3LYP),

k = —0.851) has not been previously reported. As a consequence of Cy,
symmetry and the nitrile substituent lying along the a-principal axis
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(Fig. 3), 2-cyanopyrimidine exhibits only a-type rotational transitions.
The rotational spectrum of this prolate, asymmetric top is thus domi-
nated by “Rg,; ground-state and vibrationally excited-state transitions
across the frequency range studied. Fig. 4 shows a small subset of the
spectrum from 198 GHz to 199 GHz along with predicted stick spectra
for the ground state and the two lowest-energy vibrationally excited
states, v1g and vy7. It is apparent that the spectrum also includes unas-
signed transitions that are due to higher-energy vibrationally excited
states, but they are not addressed in this work. Similar to other mono-
substituted arenes, despite being a near-prolate top (x = —0.851), the
most prominent band structure for the ground state of 2-cyanopyrimi-
dine follows the recognizable oblate-type band pattern at low K,
[12,13,15-17,35]. Bands start at K; = 0 and increase in K, as J” de-
creases. The band in Fig. 4 begins with a K.-degenerate pair of “Rg
transitions, which lose degeneracy at higher K, values. The degenerate
%Ry, transitions have quantum numbers that follow either K, + K, = J or
K, + K. =J+ 1, and K, series with these selection rules are subsequently
referred to as K, and K, respectively.

The vibrational ground state of 2-cyanopyrimidine has been least-
squares fit to partial octic A- and S-reduced, single-state Hamiltonians
with low error (g = 36 kHz). As shown in Fig. 5, the final transition
data set (~7600 transitions) encompasses an extensive range of quan-
tum numbers with J” + 1 = 42 to 189 and K, = 0 to 63. The resulting
spectroscopic constants are reported in Table 2 along with respective
computed values (B3LYP and MP2). Though a partial octic Hamiltonian
was utilized, no computational comparison is possible for the octic
centrifugal distortion constants, because there is no readily available
software to compute these values. As a result, octic terms that were
undeterminable in the least-squares fit were set to a value of zero. There
were an insufficient number of nuclear quadrupole coupling-resolved
transitions to obtain experimental nuclear quadrupole coupling con-
stants, therefore these terms were not included in the Hamiltonian.
Least-squares fitting files and computed nuclear quadrupole coupling
constants can be found in the supplementary material.

The MP2-computed rotational constants are in satisfactory agree-
ment with the experimental values (within ~ 1%), but the B3LYP-
computed rotational constants are closer in agreement (within ~
0.13%). This result is similar to the situation observed for cyanopyrazine
[17]. The B3LYP-computed quartic centrifugal distortion constants are
also in good agreement with the experimental values (within 10%), with
Ag and Dk having the largest difference from experiment. The MP2
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Fig. 4. Experimental rotational spectrum (bottom) of 2-cyanopyrimidine from 198 to 199 GHz and stick spectra (top) from experimental spectroscopic constants. The
ground state (blue), v1g (magenta), and v,y (green) are labeled by the upper energy-level quantum number, J” + 1. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Data distribution plot for the least-squares fit of spectroscopic data for
the vibrational ground state of 2-cyanopyrimidine. The size of the outlined
circle is proportional to the value of |(fobs. — fealc.)/5f], where 5f is the frequency
measurement uncertainty and all values are less than 3.

quartic centrifugal distortion constants are in slightly closer agreement
with the experimental values (within 5%), with §; and d; having the
largest discrepancies. There is poorer agreement for the sextic centrif-
ugal distortion constants for both sets of computed values. With the
exception of &k and ¢, the B3LYP values are within ~ 15%, and the

Table 2
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Fig. 6. Vibrational energy levels of 2-cyanopyrimidine below 600 cm™! from
computed fundamental frequencies (B3LYP/6-311+G(2d,p)). The value of
AEg7 results from the experimental perturbation analysis of v;5 and vy7 in this
work (vide infra).

MP2 values are within 10%, excluding Hg, and h;. The B3LYP values of
@k and Hg are approximately half of their experimental values, and the
MP2 values are only slightly closer. The values of ¢; and h; are the
smallest of the sextic centrifugal distortion constants, so it is not sur-
prising that their predictions have large relative errors. The worst of

Experimental and computational spectroscopic constants for the ground vibrational state of 2-cyanopyrimidine (A- and S-reduced Hamiltonians, I” representation).

A Reduction, I" representation

S Reduction, I" representation

Experimental * B3LYP " MP2 © Experimental * B3LYP " MP2 "
Ao (MHz) 6043.4539 (12) 6051 5986 Ao (MHz) 6043.4535 (12) 6051 5986
By (MHz) 1651.140609 (36) 1649 1635 By (MHz) 1651.139276 (36) 1649 1635
Co (MHz) 1296.639905 (39) 1295 1284 Co (MHz) 1296.641199 (39) 1295 1284
Ay (kHz) 0.0483056 (22) 0.0464 0.0460 Dy (kHz) 0.0354922 (20) 0.0345 0.0338
Ayx (kHz) 1.037502 (25) 0.976 1.01 Dk (kHz) 1.114400 (26) 1.05 1.08
Ak (kHz) 0.3608 (18) 0.389 0.351 Dk (kHz) 0.3003 (18) 0.330 0.290
&y (kHz) 0.01154427 (86) 0.0111 0.0110 d; (kHz) —0.01154436 (86) —0.0111 —0.0110
Sk (kHz) 0.660687 (56) 0.621 0.635 d, (kHz) —0.00640999 (54) —0.00594 —0.00611
@; (Hz) 0.000001716 (84) 0.00000174 0.00000187 Hj; (Hz) —0.000012737 (77) —0.0000117 —0.0000129
Dk (Hz) 0.0017323 (24) 0.00149 0.00163 H,x (Hz) 0.0011987 (19) 0.00103 0.00115
Pgy (Hz) —0.008505 (15) —0.00739 —0.00819 Hg; (Hz) —0.006498 (16) —0.00566 —0.00634
Py (Hz) 0.0107 (10) 0.00653 0.00718 Hg (Hz) 0.0116 (10) 0.00528 0.00583
¢y (Hz) 0.000001226 (19) 0.000000881 0.000000922 h; (Hz) —0.000000239 (19) —0.000000409 —0.00000046
¢k (Hz) 0.0008021 (15) 0.000751 0.000824 h, (Hz) 0.000007394 (15) 0.00000674 0.00000740
¢x (Hz) 0.008258 (34) 0.00731 0.00779 hs (Hz) 0.0000014737 (48) 0.00000129 0.00000139
L; (mHz) 0.0000000167 (12) L; (mHz) 0.0000000114 (12)
Ljx (mHz) —0.000002409 (17) Ljx (mHz) —0.000002025 (17)
Ljkx (mHz) 0.00001448 (22) Lk (mHz) 0.00001835 (22)
Liky (mHz) —0.0001149 (31) Lyxy (mHz) —0.0001301 (31)
Ly (mHz) [0.] Ly (mHz) [0.]
4; (uA?) <4 0.057658 (21) A; (uA?) < 0.057568 (21)
Nlines ¢ 7591 Nlines ¢ 7591
o5 (MHz) 0.036 o5 (MHz) 0.036

@ Off-diagonal octic centrifugal distortion terms (not shown in table) were held constant at a value of zero.
b Evaluated with the 6-311+G(2d,p) basis set.
¢ Inertial defect, A; = I, — I — I.
4 Calculated using PLANM from the B, constants.
¢ Number of fitted transition frequencies.
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Fig. 7. Data distribution plots for the least-squares fit of spectroscopic data for the lowest-energy fundamental states of 2-cyanopyrimidine, v;g (magenta) and vy
(green). The size of the symbol is proportional to the value of |(fops. — featc.)/5f], where f is the frequency measurement uncertainty, and values greater than 3 are
depicted in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

these, the MP2 prediction of h;, is approximately twice the size of the
experimental value. Unlike the case of cyanopyrazine [17], however, no
sign change in the value of h; was observed for 2-cyanopyrimidine. On
average, the MP2 computed distortion constants are in closer agreement
with experiment than the B3LYP values. Despite the discrepancies
described for each set of computed values, they provide very good a
priori predictions of the rotational spectrum and are important in
assisting the early stage of least-squares fitting.

4.2. Spectral analysis of v1g and vay

The two lowest-energy vibrationally excited states of 2-cyanopyrimi-
dine are an isolated, Coriolis-coupled dyad, similar to those seen in other
cyanoarenes [12,13,15-17]. The lower-energy vibration, vig (By, 132
cm ! B3LYP), is an out-of-plane bend of the nitrile group with respect to
the aromatic ring, while vy (B, 175 cm ™! B3LYP) involves an in-plane
bend of the nitrile group. The vibrational manifold of 2-cyanopyrimi-
dine below 600 cm ™ is presented in Fig. 6, which depicts additional
possible coupled states, especially above 450 cm™!. This work focuses
only on the coupled dyad of v;g and vy7. The initial assignment of v;g and

Table 3
Experimentally determined spectroscopic constants for the ground and vibrationally excited states vig and v,; of 2-cyanopyrimidine (A-reduced Hamiltonian, I"
representation).
ground state * v1g (B1, 133 cm™ 1) P Va7 (B, 175 cm™1) P
A, (MHz) 6043.4539 (12) 6051.08 (13) 6032.06 (13)
B, (MHz) 1651.140609 (36) 1653.012774 (36) 1654.267680 (36)
C, (MHz) 1296.639905 (39) 1298.754909 (32) 1297.555132 (34)
Ay (MHz) 0.0483056 (22) 0.0492650 (13) 0.0493417 (13)
A x (MHz) 1.037502 (25) 1.06773 (49) 0.98437 (49)
Ak (MHz) 0.3608 (18) [0.3608] 0.4143 (13)
&y (MHz) 0.01154427 (86) 0.01162990 (85) 0.01194518 (88)
Sk (MHz) 0.660687 (56) 0.663053 (60) 0.662360 (57)
@; (MHz) 0.000001716 (84) 0.000002372 (31) 0.000002309 (31)
@ (MHz) 0.0017323 (24) 0.0017797 (84) 0.0016502 (88)
Pk; (MHz) —0.008505 (15) —0.008081 (11) [—0.008505]
@x (MHz) 0.0107 (10) [0.0107] [0.0107]
¢5 (MHz) 0.000001226 (19) 0.000001384 (18) 0.000001592 (18)
¢y (MHz) 0.0008021 (15) 0.0008179 (11) 0.0007685 (11)
¢x (MHz) 0.008258 (34) 0.008228 (26) 0.008475 (27)

AE;g 27 (MHz)

AEig 27 (em™)

G, (MHz)

Gy (MHz)

GX (MHz)

Gy’ (MHz)

Fye (MHz)

Fhe (kHz)

4; (uR?) 4 0.057658 (21)
Niines © 7591

o5 (MHz) 0.036

—0.1214 (19)
7114
0.046

1168210.84 (23)
38.9673191 (77)
10666.3 (75)
—0.006165 (29)
—0.00466 (14)
0.00000000635 (44)
—0.3779 (26)
—0.000006992 (97)
0.1997 (19)
6712
0.048

@ Octic centrifugal distortion constants are not shown and, for the excited states, are held constant at their ground-state values in Table 2.

b Fundamental frequencies calculated using B3LYP/6-311+G(2d,p).
¢ Inertial defect, A; = I, — I — I.

4 Calculated using PLANM from the B, constants.

¢ Number of fitted transition frequencies.
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Table 4
Vibration-rotation interaction and Coriolis-coupling constants of the 2-cyano-
pyrimidine vyg-voy dyad.

Experimental B3LYP © MP2 *
Ap - A1 (MHz) —7.62 (13) 81.13 95.75
Bo - B1g (MHz) —1.872165 (51) —1.84 -1.77
Co - C15 (MHz) —2.115004 (50) -2.09 —-2.03
Ao - Ay; (MHz) 11.39 (13) —77.53 -92.33
Bg - By (MHz) —3.127071 (51) —2.96 -3.08
Co — C27 (MHz) —0.915227 (52) —0.85 -0.91
(Ao — Asg) ; (Ao *A”)(MHz) 1.88 (09) 1.80 1.71
(Bo — Bis) z (Bo ~ B27) iy ~2.499618 (36) ~2.40 243
(Co — Cus) ; (Co = ) etz ~1.515115 (36) ~1.47 ~1.47

a 0.873 0.809 0.810

{1827
AEg,27 (em™) 38.9673191 (77) 42.70 36.64

2 Evaluated with the 6-3114+-G(2d,p) basis set.

Vg7 was performed using a single-state, distorted-rotor Hamiltonian for
each vibrational state. Computationally predicted rotational constants
and ground-state distortion constants were used for initial predictions.
This technique allowed for the assignment of three series corresponding
to K, =0, 1, and 2 for both states, but there was apparent perturbation in
each least-squares fit that was untreated in a single-state model. Thus, a
two-state model was adopted, initially using the AE;g 27 and G, values
predicted by B3LYP and the rotational constants A, B, and Cy, (A is the
experimental ground-state value and B, and C, are the experimental
ground-state values corrected by the respective B3LYP vibra-
tion-rotation interaction constants, ag and a¢, for each vibrational
state). The vibration-rotation interaction constant, as, was not used
because it showed clear signs of absorbed perturbation (equal magni-
tude but opposite sign for each state; vide infra). Quartic, sextic, and
octic distortion constants were set to their ground-state values, and in
the initial least-squares fitting process, only AE and C, were allowed to
vary. As transitions were added to the least-squares fit, additional
rotational, centrifugal, and Coriolis-coupling coefficients were varied to
model the experimental spectrum until all observed transitions for each
vibrational state were assigned across the frequency region measured.
The extent of the rotational transitions measured is shown in Fig. 7, and
the spectroscopic constants determined in the least-squares fit are pro-
vided in Table 3.

The final least-squares fit is an exhaustive collection of transitions
across the frequency region and totals over 7100 transitions for v;g and
6700 for vy7. The totals are only slightly lower than that for the ground
state (~7600), which is expected due to the somewhat lower intensity of
vibrationally excited states. The observed transitions range from 42 to
192 in J” + 1 for both states and K, = 0 to 63 and 62 for v1g and vay,
respectively. The data set includes transition frequencies that are shifted
via global perturbations and intense resonances and includes 17 transi-
tions that are formally forbidden, coupling-allowed interstate transi-
tions. To achieve a satisfactory fit, it was necessary to extend the
frequency range beyond 360 GHz, because most resonances occur in this
region. These highly perturbed resonant transitions are critical in
determining accurate and precise Coriolis-coupling constants. The
importance of data in the higher frequency region was noted in the
earlier case of cyanopyrazine [17], and it is even more important for 2-
cyanopyrimidine. Attempts to obtain a satisfactory least-squares fit
using only data from the 130 GHz to 360 GHz frequency range were
ultimately unsuccessful. Least-squares fitting of the final data set,
including resonant transitions and symmetry-allowed interstate transi-
tions, provides a precise energy separation between v1g and vay (AE1g 27
— 38.9673191 (77) cm ™ }). Based on similar results in molecules where
the band origins have been measured independently by high-resolution
infrared spectroscopy [13], the accuracy is presumed to be comparable
to the precision. This large energy separation required much higher
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values of J and K of v;g before the energy levels are sufficiently close to
create resonances than in some previous works with smaller energy
separations between the coupled modes [12,13,15,16,35]. Along with a
precise value of AE1g 27, the least-squares fit provides a nearly complete
set of quartic and sextic distortion constants, excluding Ak for vig, &gy
for vy; and @ for both vyg and vy;. Unfortunately, Ak of v1g could not be
determined, which is attributed to the high correlation of Ax with A;g
and the limitation of being able to measure only “Ro, transitions. In
addition, six Coriolis-coupling terms (Gg, Gl GX, GV Fy,, and FL.) were
determined. The inclusion of all of these coupling terms was needed to
obtain a satisfactory least-squares fit with a total error lower than the
measurement uncertainty of 50 kHz.

A measure of the quality of the least-squares fit comes from the
comparison of the computed rotational constants to those experimen-
tally determined, to establish whether or not any of the computed
constants show signs of untreated Coriolis coupling. The vibra-
tion-rotation interaction constants (Table 4) provide a straightforward
comparison between the experimental and computed values, where
unaddressed Coriolis coupling appears as large values with opposing

10

Al

(v-vy)/(J ”+1) /MHz

0
V183 Ka = 117
]
40 60 30 100 120 140 160 180

J”—I-l

Fig. 8. Resonance plots for 2-cyanopyrimidine showing the K, = 11~ series for
v1g and K, = 7" series for vy;. These two resonances conform to the AK, = 4
selection rule for a-type resonances. The plotted values are frequency differ-
ences between excited-state transitions and their ground-state counterparts,
scaled by (J’ + 1) in order to make the plots more horizontal. Measured
transitions are represented by circles: v;g (magenta), vy; (green). Red circles
indicate transitions whose obs. — calc. values are more than three times the
experimental uncertainty. Predictions from the final coupled fit are represented
by a solid black line. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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sign between the two vibrational states. The MP2 values of By — B, and Cy
— Cy are in excellent agreement with the experimental values (within
6%), which provides confidence in the method to determine the vibra-
tion-rotation interaction constants. The corresponding B3LYP values are
approximately as accurate as the MP2 values for By — B, and Cy - C,
(within 7%). In contrast, both the B3LYP and MP2 values of Ag — A, show
poor agreement with the experimental values, each having similarly
large discrepancies and much larger magnitudes than the experimental
values (Table 4). The disagreement indicates the presence of untreated
Coriolis coupling in both computational results or in the experimental
values. The fact that the experimental values are significantly smaller
than either computed value suggests that the least-squares fit may be
performing a better job of treating the Coriolis coupling. This situation,
in which the experimental Ay — A, values have different signs than the

computed values, was also noted in previous works [17,22]. The average
of the computed Ag — A, values for v1g and vy7 cancels out the unad-
dressed Coriolis effects, and these averages are in excellent agreement
with the experimental average (Table 4). Unsurprisingly, the corre-
sponding average values for the B, and C, values are also in excellent
agreement between both theoretical treatments and experiment. The
AE;1g 27 values for both computational methods are in close agreement;
the B3LYP value is approximately 4 cm " too large and the MP2 value is
approximately 2 cm ™" too small. The experimental Coriolis (% ,, value
is also in satisfactory agreement with both the MP2 and B3LYP values
with the experimental value being slightly larger (7%). The agreement
between experimental and computational Coriolis {{g,, values, along
with a low og; value, indicate a satisfactory treatment of the Coriolis
coupling that is present in the v;g-vp7 dyad of 2-cyanopyrimidine.

Fig. 10. Energy diagram (left) depicting a
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Table 5
Experimental energy separations for selected organic species for the out-of-plane
and in-plane nitrile bending modes.

AEi,_o0p (em™) ortho meta para
N
benzonitrile [12,13] 19.1081701(74) 0 0 0
3-cyanopyridine [15] 15.7524693 (37) 0 1 0
4-cyanopyridine [16] 18.806554 (11) 0 0 1
cyanopyrazine [17] 24.8245962 (60) 1 1 0
cyanopyrimidine (this work) 38.9673191 (77) 2 0 0

The successful incorporation of many resonant and nominal inter-
state transitions into the data set indicates an adequate treatment of the
dyad by the Hamiltonian, since these transitions are highly dependent
on AE;g27 and the Coriolis-coupling coefficients utilized in the least-
squares fit. One example of the state mixing between vibrational states
is shown in Fig. 8, where a sharp resonance occurs between the K, =11~
series of v1g and K, = 7% series of vyy (AK, = 4). The most-perturbed
transition, at J” + 1 = 176, is ~ 500 MHz from its unperturbed loca-
tion. Each of these series also displays large undulations occurring from
both global coupling perturbation and centrifugal distortion. The pro-
gression of the global undulation, from low to high frequencies as K,
increases, is displayed in Fig. 9. This plot highlights several of the res-
onances present for the vg-vp7 dyad, and the most perturbed transition,
located in K, = 43, is ~ 1 GHz from its unperturbed location. Most
resonances are above J’ + 1 = 130, reaffirming the utility of the
extension of the frequency range to 500 GHz.

A total of 17 independent nominal interstate transitions were
measured and incorporated into the least-squares fit, and they were
crucial in finalizing several Coriolis-coupling constants and confirming
the assignment of some resonant transitions. These nominal interstate
transitions occur when rotational energy levels from each vibrational
state are close enough in energy that intense state-mixing occurs. In
many cases, it is possible to measure corresponding intrastate and
interstate transitions for each level to create a matched set of four
transitions (Fig. 10). As these four transitions involve the same energy
levels, the average of the interstate transition frequencies must be the
same as the intrastate transition frequencies. This condition confirms the
assignment of all transitions when the difference between the sets of
transitions is less than the measurement uncertainty of 50 kHz. The
frequency difference between the transitions in Fig. 10 is only 36 kHz
despite the higher obs. — calc. for individual transitions, e.g., the intra-
state transition of v;g, where it is one of two transitions in the fit that is
greater than three times the measurement uncertainty and is shown in
red in the resonance plot of Fig. 10 and in the data distribution plot
(Fig. 7). The typical working procedure for least-squares fitting is to
scrutinize transitions with greater than two times the measurement
uncertainty with regards to including such transitions in the least-
squares fit. This transition displays an abnormal line shape, which is
likely due to another underlying transition distorting its true frequency.
Although this would typically warrant the exclusion of this transition,
the very limited number of these important resonant and nominal
interstate transitions in the data set make even this imperfectly
measured transition highly valuable for the coupling information it
provides. As a result, it was retained in the final data set with explicably
high error.

Measurement of the precise and accurate value of the energy dif-
ference for the out-of-plane and in-plane nitrile bending modes for a
variety C(sp%)-CN-containing organic molecules, including the previ-
ously studied cyanoarenes, allows for an analysis of the structural factors
that impact the vibrational mode energies. As shown in Fig. 1, the
structure of each of the cyanoarenes recently studied in our group
[15-17] differs from benzonitrile [12,13] by N-atom substitution in the
aromatic ring. Similar to benzonitrile, 3-cyanopyridine [15] and 4-cya-
nopyridine [16] have ortho C-H groups adjacent to the nitrile. Cyano-
pyrazine [17] has an ortho C-H group and a nitrogen atom. 2-
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Cyanopyrimidine from this work completes this series by providing
analogous data for a cyanoarene with two ortho nitrogen atoms. There is
a monotonic increase in the AE;j, oo, values with increasing sub-
stitutions of ortho C-H groups with nitrogen atoms shown in Table 5.
There is a smaller change to AEj,_op With meta substitution in the
reverse direction, such that the effects of ortho and meta substitution are
approximately +10 and —3 cm™?, respectively.

5. Conclusion

To expand the search for heterocyclic aromatic molecules in the
interstellar medium, the current study provides the necessary laboratory
data for 2-cyanopyrimidine. The larger dipole moment of 2-cyanopyri-
midine (6.5 D) vs pyrimidine (2.3 D) increases the possibility of detec-
tion in the ISM if these species were to have similar abundances. The
combination of the spectroscopic constants provided here, along with
computed (provided in Supplementary Material) or experimental nu-
clear quadrupole coupling constants, would reliably predict transition
frequencies much lower or slightly higher in frequency than the fre-
quency range of the current measurements (130-500 GHz). The least-
squares fit of the Coriolis-coupled dyad of v;3 and vy allows for a pre-
cise determination of the energy separation of the fundamental modes,
AE1g27, although high-resolution infrared spectroscopy is needed to
determine the fundamental frequencies. This infrared study would be
challenging, however, since vi;g and vo; have quite low predicted in-
tensities (0.1 and 0.6 km/mol (MP2), respectively). Of the cyanoarenes
studied to date, 2-cyanopyrimidine exhibits the largest energy difference
for the out-of-plane and in-plane nitrile bending modes (AEip_gop =
38.9673191 (77) cm™1). This large energy separation notwithstanding, a
two-state Hamiltonian is required to adequately address the transition
frequencies observed for each vibrational state — even in the 130 — 360
GHz range. At the same time, highly-perturbed transition frequencies
(resonances) above 360 GHz are required to adequately describe the
Coriolis perturbation and obtain a satisfactory least-squares fit. This
behavior demonstrates how broadly Coriolis perturbation can affect
transition frequencies, even those that are not “highly” perturbed as
resonances, and that the resonant transitions provide important con-
straints on the determination of the spectroscopic parameters that
cannot be obtained from transition frequencies influenced by the global
Coriolis interaction alone.
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The rotational spectrum of cyanopyrazine (2-pyrazinecarbonitrile, p-C4H3N2-CN) has been obtained from 130 to
500 GHz. Rotational transitions of cyanopyrazine have been measured, assigned, and least-squares fit for the first
time. Over 7000 transitions of the ground vibrational state have been least-squares fit to partial octic, A- and S-
reduced Hamiltonians with low statistical uncertainty (cg; = 34 kHz). Similar to other cyanoarenes, the first two
fundamental modes are the out-of-plane (v37, A”’) and in-plane (v19, A) nitrile bending modes, which form an a-
and b-axis Coriolis-coupled dyad. Greater than 5800 transitions from each of these vibrational modes were fit to a
partial octic, A-reduced Hamiltonian (o5, = 38 kHz), and the analysis reveals the precise energy separation,
AE»7 19, between the coupled vibrational states, as well as values for eight a- and b-type Coriolis-coupling co-
efficients, G,, G2, GX, G¥, FK, Gy, G], and F,.. Cyanopyrazine is a strongly polar derivative of pyrazine, thus
cyanopyrazine can serve as a potential tracer molecule for its nonpolar parent compound in extraterrestrial
environments. The transition frequencies and spectroscopic constants provided in this work, combined with
theoretical or experimental nuclear quadrupole coupling constants, provide the foundation for future radio-

astronomical searches for cyanopyrazine.

1. Introduction

The feasibility of radioastronomical detection of a molecule depends
upon its population in the source of interest and on the intrinsic intensity
of its rotational transitions due to its dipole moment. The direct de-
tections of benzene [1] and other nonpolar species [1,2] in extrater-
restrial environments rely upon infrared spectroscopy, but can be
supported or suggested by detection of their polar, substituted de-
rivatives by radioastronomy. The recent radioastronomical detections of
benzonitrile [3] and two cyanonaphthalenes [4] not only provide
confirmation of these species in the interstellar medium (ISM), but also
suggest the presence of their parent species, benzene and naphthalene.
The presence of these nitrile-substituted aromatic molecules and the
many other nitrile-containing organic species in the ISM [5-7] inspired
the recent rotational spectral analyses of several nitrile-containing het-
eroaromatic compounds (Fig. 1) by our group, including benzonitrile
[8,91, 3-cyanopyridine [10], and 4-cyanopyridine [11] up to 360 GHz in
their ground and vibrationally excited states. Similarly inspired,
McNaughton et al. reported the 2 to 100 GHz spectroscopy of several
polycyclic aromatic nitriles (1-cyanonaphthalene, 2-cyanonaphthalene,
9-cyanoanthracene, and 9-cyanophenanthrene) [12]. To facilitate

* Corresponding authors.

astronomical searches for additional cyanoarenes, we have measured
the laboratory rotational spectra of cyanopyrazine (presented in this
work), 2-cyanopyridine [13], and 2-cyanopyrimidine [14].

Unlike its isomeric dinitrogen-containing benzene analogues, pyr-
idazine (i, = 4.22 D [15]) and pyrimidine (yq = 2.334 D [16]), pyrazine
(D2p, u = 0) does not possess a permanent dipole moment due to the para
relationship of the nitrogen atoms and cannot be the direct target of a
radioastronomical search. While neither pyridazine nor pyrimidine has
been detected in the ISM [17-20], and both molecules are part of a
larger dilemma regarding the apparent absence of aromatic heterocycles
in the list of organic molecules in the ISM, pyrazine represents an
intriguing possibility as an astrochemical species. Pyrazine is nearly
isoenergetic with pyrimidine, both of which are 19.7 kcal/mol more
stable than pyridazine [21-23]. Due to its lack of a permanent dipole
moment, tracer molecules are required to explore the potential contri-
bution of pyrazine to interstellar organic chemistry. Substituted pyr-
azines have not garnered significant attention in the spectroscopy
community. Transition frequencies and rotational constants have been
provided for chloropyrazine [24,25], but not for other substituted pyr-
azines. Given the prevalence of organic nitriles in the ISM, cyanopyr-
azine is an ideal tracer molecule for pyrazine. Detection of any
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Fig. 1. Cyanoarenes derived from benzene, pyridine, pyrimidine, and pyrazine.

Table 1
Energy differences between out-of-plane and in-plane nitrile bending modes for
cyanoarenes.

out-of-plane in-plane AE (cm™)
benzonitrile [8,9] Vag, By V33, B2 19.1081701(74)
3-cyanopyridine [10] V3o, A" Vo1, A’ 15.7524693 (37)
4-cyanopyridine [11] Va0, B1 V30, Bo 18.806554 (11)

heterocycle or substituted heterocycle in the ISM would represent a
dramatic breakthrough for the field [17-20], because derivatives of the
parent aromatic compounds are ubiquitous in biologically relevant
molecules. Alkylated pyrazines are found in various natural sources,
including coffee beans, cocoa beans, and vegetables and are produced by
insects, fungi, and bacteria [26].

The two lowest-energy vibrational modes of the cyanoarenes are
typically the out-of-plane and in-plane nitrile bending modes, which are
often sufficiently close in energy to observe Coriolis coupling between
them at millimeter-wave frequencies. Analysis of the rotational spectra
for these vibrational modes for benzonitrile [8,9], 3-cyanopyridine [10],
and 4-cyanopyridine [11] provided highly accurate and precise relative
energy values, Table 1. The Coriolis coupling and resultant state mixing
necessitate that transitions of the vibrational modes are least-squares fit
as a Coriolis-coupled dyad. It is this interaction that results in numerous
resonant transitions and coupling-allowed, nominal interstate transi-
tions that provide the accurate and precise vibrational energy spacing.
Only for benzonitrile have the precise band origins of each mode been
measured by high-resolution infrared spectroscopy [9]. Herein, we
report the rotational spectroscopy and analysis of the ground and two
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lowest-energy vibrationally excited states of cyanopyrazine from 130 to
500 GHz.

2. Experimental methods

A commercial sample of cyanopyrazine was used without further
purification for all spectroscopic measurements. The rotational spec-
trum was collected using a millimeter-wave spectrometer that has been
previously described [27,28] in the 130 to 230 and 235 to 360 GHz
frequency ranges, in a continuous flow at room temperature, with
sample pressures of 3 to 12 mTorr. Additional spectral data were ob-
tained with a newly acquired amplification and multiplication chain
that extends the frequency range to 500 GHz. The separate spectral
segments were combined into a single broadband spectrum using
Kisiel’s Assignment and Analysis of Broadband Spectra (AABS) software
[29,30]. The complete spectrum from 130 to 500 GHz was obtained
automatically over approximately nine days using the following exper-
imental parameters: 0.045 kHz frequency increment, 0.6 MHz/s sweep
rate, 10 ms time constant, and 50 kHz AM and 500 kHz FM modulation
in a tone-burst design. Pickett’s SPFIT/SPCAT [31] were used for least-
squares fits and spectral predictions, along with Kisiel’s PIFORM,
PLANM, and AC programs for analysis [32]. A uniform frequency
measurement uncertainty of 0.050 MHz was assumed for all
measurements.

3. Computational methods and results
Electronic structure calculations were carried out with Gaussian 16

[33] using the WebMO interface [34] to obtain theoretical spectroscopic
constants. Optimized geometries at the B3LYP/6-311+(2d,p) and MP2/

~a

Fig. 3. Cyanopyrazine (Cs, 4 = 4.2 D, up = 0.1 D, B3LYP) structure with
principal inertial axes.

Intensity

e mmlllll‘mm

100 200
Frequency /GHz

300 400 500

Fig. 2. Predicted spectrum (SPCAT) of the ground vibrational state of cyanopyrazine at 292 K.
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Fig. 4. Predicted (top) and experimental (bottom)
rotational spectra of cyanopyrazine from 368.2 to
372.4 GHz. Ground-state cyanopyrazine with
prominent transitions for the J” + 1 = 144 and J” +
.1 = 145 bands appear in black. Transitions for v,
are in purple and transitions for vig are in dark
green. Unassigned transitions are attributable to
other vibrationally excited states of cyanopyrazine.
(For interpretation of the references to colour in this
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Fig. 5. Data distribution plot for the least-squares fit of spectroscopic data for
the vibrational ground state of cyanopyrazine. The size of the symbol is pro-
portional to the value of |(fops. — featc)/5f], where f is the frequency mea-
surement uncertainty, and all values are smaller than 3.

6-311+(2d,p) levels of theory were obtained using “verytight” conver-
gence criteria and an “ultrafine” integration grid, and subsequent
anharmonic vibrational frequency calculations were carried out using
second-order vibrational perturbation theory (VPT2). All computational
output files can be found in the supplemental material.

4. Cyanopyrazine rotational spectra

The recently expanded frequency range of our instrument allowed us
to measure the spectrum of cyanopyrazine up to 500 GHz, a frequency
coverage beyond that used in previous works on cyanoarenes (up to 375
GHz) [8-11]. This range is nearly optimal for cyanopyrazine at the
ambient laboratory temperature (Fig. 2), as it covers the most intense
transitions based upon the rotational populations. The expanded fre-
quency coverage was also advantageous for the least-squares fitting of
Vo7 and V19, due to the high J” + 1 values of the most intense transitions

of these vibrationally excited states (vide infra). The relatively low value
of Cp (~1276 MHz) for all cyanopyrazine vibrational states results in the
Kq = 0 series transition near 130 GHz having a value of J” + 1 = 51 and
increasing to J” + 1 = 195 just below 500 GHz. This range of J” + 1 (and
the resulting range of K,;) quantum numbers provides a wealth of
spectroscopic information on the centrifugal distortion and necessitates
a high-order Hamiltonian to adequately model the spectrum.

4.1. Ground-state spectral analysis

The ground-state spectrum of cyanopyrazine (uq = 4.2 D, up = 0.1 D,
B3LYP; « = —0.854) has not been reported, despite this benzonitrile
analog being commercially available. The strong electron-withdrawing
effect of the nitrile group results in a dipole moment nearly coinci-
dental with that substituent (Fig. 3) and the a principal axis. Due to the
asymmetry of the ring caused by the nitrile substitution, there is also a
slight b-axis dipole component. The large difference in the a- and b-axis
dipole components results in a-type transitions that are roughly 2000
times more intense than the b-type transitions. As a result, the rotational
spectrum of cyanopyrazine is dominated by intense “Rg; transitions
across the frequency range (Fig. 4). Despite being a prolate molecule,
cyanopyrazine and other substituted arenes [8-11,35] have prominent
oblate-type bands, in which transitions in the bands begin at K, = 0 and
increase in K, as frequency increases. Cyanopyrazine displays prolate-
type bands at high Kg, though the spacing and intensity make them
much less prominent. The much weaker Q-branch transitions could not
be observed and assigned for cyanopyrazine owing to the spectral den-
sity created by excited vibrational states of cyanopyrazine. Thus, the
final transition data set for the ground vibrational state contained only a-
type, R-branch transitions. As shown in Fig. 5, these transitions cover a
broad range of quantum numbers, including J” +1 =42 to 189 and K, =
0 to 66. The spectral density and frequency range investigated allowed
for the measurement, assignment, and least-squares fitting of 7078 in-
dependent transition frequencies to partial octic, A- and S-reduced
Hamiltonians with low error (65 = 34 kHz). The resulting spectroscopic
constants are reported in Table 2, along with their corresponding
computed values. Though several octic terms are required in the A and S
reduction least-squares fits, no readily available computational software
is able to provide these values for comparison. Thus, Lgx and the off-
diagonal octic terms that could not be satisfactorily determined were
held at values of zero in the least-squares fitting.

The B3LYP-computed rotational constants are in excellent agreement
with the experimental values, similar to that seen for 3- and 4-
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Experimental and computational spectroscopic constants for the ground vibrational state of cyanopyrazine (S- and A-reduced Hamiltonians, I” representation).

S reduction, I" representation

A reduction, I" representation

Experimental B3LYP ° MP2 * Experimental B3LYP * MpP2 ¢
Ao (MHz) 6003.12984 (58) 6016.1 5950.4 Ao (MHz) 6003.12822 (58) 6016.1 5950.4
B, (MHz) 1621.517450 (24) 1619.4 1605.5 B, (MHz) 1621.518806 (24) 1619.4 1605.5
Co (MHz) 1276.428481 (25) 1276.7 1264.1 Co (MHz) 1276.427155 (25) 1276.7 1264.1
D, (kHz) 0.0359497 (18) 0.0348 0.0345 Ay (kHz) 0.0492594 (19) 0.0471 0.0472
Dy (kHz) 1.182301 (25) 1.11 1.15 Ak (kHz) 1.102415 (24) 1.04 1.07
D (kHz) 0.2897 (13) 0.317 0.282 Ak (kHz) 0.3525 (13) 0.379 0.345
d; (kHz) —0.01183021 (59) —0.0112 -0.0113 5y (kHz) 0.01182909 (60) 0.0112 0.0113
dy (kHz) —0.00665773 (39) —0.00616 —0.00636 5k (kHz) 0.702668 (42) 0.660 0.677
H; (Hz) —0.000014359 (71) —0.0000123 —0.0000135 @&, (Hz) 0.000001797 (74) 0.00000275 0.00000306
Hyx (Hz) 0.0013660 (16) 0.00117 0.00129 b (Hz) 0.0019713 (18) 0.00170 0.00185
Hy; (Hz) —0.007530 (15) —0.00646 —0.00718 Dy (Hz) —0.009803 (15) —0.00845 —0.00932
Hy (Hz) 0.01171 (81) 0.00594 0.00652 by (Hz) 0.01097 (83) 0.00738 0.00807
hy (Hz) 0.000000244 (14) —0.000000153 —0.000000148 ¢y (Hz) 0.000001844 (15) 0.00000129 0.00000142
hy (Hz) 0.000008265 (11) 0.00000756 0.00000829 bk (Hz) 0.0009204 (11) 0.000864 0.000945
hs (Hz) 0.0000016326 (42) 0.00000145 0.00000156 ¢k (Hz) 0.009580 (31) 0.00862 0.00925
L, (mHz) 0.0000000295 (10) L, (mHz) 0.0000000361 (10)
Ly (mHz) ~0.000002512 (15) Ly (mHz) —0.000002972 (15)
Ly (mHz) 0.00002268 (18) Ly (mHz) 0.00001795 (19)
Lyxs (mHz) —0.0001332 (26) Lyks (mHz) —0.0001153 (26)
Lg (mHz) [0.] Lg (mHz) [0.]
A; (UA?HPC 0.075770 (12) A; (UA?HPC 0.076419 (12)
Nijnes 7078 Niines 7078
o (MHz) 0.034 o5¢ (MHz) 0.034

@ Evaluated with the 6-311+G(2d,p) basis set.

b Inertial defect, A; = I. — I — I.

¢ Calculated using PLANM from the B, constants.
4 Number of fitted transition frequencies.
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Fig. 6. Vibrational energy levels of cyanopyrazine below 500 cm™' from
computed fundamental frequencies (B3LYP/6-311+G(2d,p)). The value of
AE7 19 results from the experimental perturbation analysis of vy; and vy in
this work.

cyanopyridine [10,11]. The largest discrepancy between the experi-
mental and computed rotational constant values is for Ag, which is over-
estimated by 13 MHz (0.21%). The B3LYP values of By and Cj are within
2.1 MHz and 0.3 MHz of their experimental values, respectively. All of
the B3LYP quartic centrifugal distortion constants are in good agree-
ment (within 10% of their experimental values) in both reductions.
There is much poorer agreement between the computed sextic distortion

constants and the experimental values, typically varying from 6 to 30%.
Both &; and Hg, however, differ by about 50% from their computed
values, while h; is the wrong sign. At first glance, it appears that the MP2
computed values are worse than their B3LYP counterparts. Though the
agreement of the MP2 values is inferior for the rotational constants, the
deviations from the experimental values all remain less than 1%. For
nearly all of the remaining spectroscopic constants, the MP2 value is
closer to the experimental value than the B3LYP-computed value. All of
the MP2 quartic centrifugal distortion constants are within 5% of their
experimental values, and all of them show better agreement than the
B3LYP values. With regard to the sextic centrifugal distortion constants,
the general agreement of the MP2-computed constants is between 0.2
and 6%. The exceptions are &;, Pk, ¢, Hk, and h;, with large discrep-
ancies of 70%, —26%, —23%, —44%, and —160%, respectively. As with
the B3LYP value of hy, its MP2 value has the incorrect sign. Despite the
issues with both sets of computed spectroscopic constants, both B3LYP
and MP2 values provide a priori predictions of the rotational spectrum of
cyanopyrazine sufficient to identify and assign its transitions in the
experimental spectrum.

4.2. Spectral analysis of v27 and vig

Similar to other cyanoarenes [8-11], the first two fundamental
modes of cyanopyrazine are the out-of-plane and in-plane nitrile
bending modes, vy and vg, respectively. These two vibrational states
form a Coriolis-coupled dyad that is well separated in energy from the
ground state and the next vibrationally excited state, 2v97. The previous
low-resolution infrared (IR) spectroscopy of cyanopyrazine provides an
assignment of most of the cyanopyrazine vibrational modes [36-39],
though there is some ambiguity about the assignment of the modes at
160, 173, and 339 cm™!, with both of the lower modes assigned A"
symmetry [38]. The two lowest-frequency modes, vy; (A”) and v19 (A"),
are predicted to have energies of 137 and 167 cm™! (B3LYP) or 136 and
162 cm™! (MP2). It is likely that the mode at 339 cm ™2, designated A’ in
the solution phase IR and Raman vibrational study, is vo¢ (A’), but it is
not clear whether either of the modes observed at 160 and 173 cm ™ are
Va7 (A”) or vig (A'). As a result of that ambiguity, the vibrational state
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Fig. 7. Data distribution plots for the least-squares fit of spectroscopic data for the lowest-energy fundamental states of cyanopyrazine, voy; (purple) and vi9 (dark
green). The size of the symbol is proportional to the value of |(fops. — fearc.)/5f|, where &f is the frequency measurement uncertainty, and all values are smaller than 3.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

diagram shown Fig. 6. is based upon the computed (B3LYP) fundamental
frequencies. The initial predictions for these vibrational states were
based upon the experimental ground-state rotational constants,
computational vibration-rotation interaction constants, and the ground-
state centrifugal distortion constants. After initial measurement,
assignment, and least-squares fitting of these fundamental states, it
became clear that a single-state Hamiltonian was insufficient to model
their rotational spectra. To address this problem, a Coriolis-coupled
dyad Hamiltonian was employed similar to our previous works
[8-11,35,40,41]. The A” and A’ symmetries of these states allow both a-
and b-axis Coriolis coupling. Thus, initially, computed G, Gp, and
AE57,19 values were added to the least-squares fit. As transitions were
added to the fit, these parameters were allowed to vary, and additional
parameters were included until the available transitions could be
modeled adequately. The breadth of transitions is shown in Fig. 7, and
the resulting spectroscopic constants are provided in Table 3.

The final least-squares fit of the Coriolis-coupled dyad (vy; and v9)
contained over 12,000 transitions, including many transitions involving
energy levels perturbed by the coupling, many intensely shifted resonant
transitions created by nearly degenerate energy levels of vy7 and v19, and
37 formally forbidden, coupling-allowed, nominal interstate transitions.
Due to the intensity of the transitions for each vibrationally excited
state, the number of transitions for each state in the final data set for vy
and v19 (6257 and 5893, respectively) is decreased only slightly from
that of the ground state (7078). In the frequency range studied, the
observed transitions range from 42 to 191 in J” + 1 and from O to 60 in
K,. Since many of the intense resonant transitions and nominal interstate
transitions occur beyond 360 GHz, extending the measured spectral
range to 500 GHz was an important factor in obtaining a satisfactory
least-squares fit. Data from the higher frequency range had not been
necessary in previous works on analogous species [8-11] and can be
attributed to the larger energy difference between the coupled states in
cyanopyrazine, relative to the previously studied compounds (Table 1).

In cyanopyrazine, the energy separation between vo7 and v19 (AE27,19 =
24.8245962 (60) cm™!) requires higher values of J and K for the energy
levels of vy7 to approach those of v19 closely enough to create resonances
(vide infra). It is important to note that this energy difference varies
substantially from the frequencies reported for the two lowest-energy
fundamentals in the previously reported low-resolution IR and Raman
spectroscopic data [38] of 173 and 160 cm ™!, casting doubt on the
previous liquid-phase IR assignments. In addition to determining a
highly accurate and precise AE,;7 19 value, the least-squares fit provides a
nearly complete set of spectroscopic constants of a sextic centrifugally
distorted, A-reduced Hamiltonian (excluding the off-diagonal terms ¢k
and ¢x) and eight Coriolis-coupling coefficients (Gq, GI, GX, GV, FX , Gy,
Gi, and F,.). Attempts to include Fj in the least-squares fit were made,
but were not successful. In view of that result, we found it surprising that
FX was necessary to achieve a reasonable fit and could be well
determined.

The computed spectroscopic constants B, and C, are in quite close
agreement with their experimentally determined values (Table 4). At
both the MP2 and B3LYP levels, the predicted vibration-rotation
interaction constants (By — B,) differ by less than 10% from their
experimental values, with the MP2 values in slightly closer agreement
than the B3LYP values. The very close agreement seen for the By — B,
values provides evidence that the deperturbation of the constants in the
computational results and the treatment of the Coriolis-coupling were
both reasonably effective. For the Ay — A, values, however, there is a
very large discrepancy between the computed and experimental values.
At both levels of theory, the magnitudes of the Ay — A, values are
computed to be five or six times larger than the experimental values.
This is largely due to residual Coriolis coupling in the computed values,
given the very large magnitudes of the values and the smaller magni-
tudes of the experimental Ay — A, values in this and similar works. The
B3LYP-predicted values are slightly closer to the experimental ones than
the MP2 values, in this case. Given the fairly large experimental A — A,
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Experimentally determined parameters for the ground state and vibrationally excited states vo7 and v;9 of cyanopyrazine (A-reduced Hamiltonian, I” representation).

ground state ¢

Va7 (A", 136 cm'1) @

Vio (A, 162 cm 1) @

A, (MHz) 6003.12822 (58) 6026.492 (18) 5977.166 (18)

B, (MHz) 1621.518806 (24) 1623.29554 (16) 1624.75111 (17)

C, (MHz) 1276.427155 (25) 1278.422236 (28) 1277.400270 (27)
Ay (kHz) 0.0492594 (19) 0.05013381 (98) 0.0504064 (10)
A (kHz) 1.102415 (24) 1.12777 (17) 1.05278 (17)

Ak (kHz) 0.3525 (13) 0.3421 (28) 0.4081 (42)

& (kHz) 0.01182909 (60) 0.01191174 (61) 0.01227503 (66)
5 (kHz) 0.702668 (42) 0.704032 (38) 0.706581 (29)
@) (Hz) 0.000001797 (74) 0.000002534 (20) 0.000002850 (20)
@y (Hz) 0.0019713 (18) 0.0020104 (37) 0.0018932 (37)
Dy (Hz) ~0.009803 (15) ~0.0104488 (91) ~0.008731 (12)
& (Hz) 0.01097 (83) 0.00672 (61) 0.00602 (53)

¢ (Hz) 0.000001844 (15) 0.000002043 (12) 0.000002359 (14)
Gk (Hz) 0.0009204 (11) [0.0009204] [0.0009204]

o (Hz) 0.009580 (31) [0.009580] [0.009580]
AE»;,19 (MHz) 744222.67 (18)

AEs7,19 (cm™) 24.8245962 (60)

G, (MHz) 10789.33 (63)

G/ (MHz) ~0.0052515 (62)

G.X (MHz) ~0.029393 (77)

G (MHz) 0.00000000517 (11)

FyX (MHz) ~0.00001287 (20)

Gy (MHz) ~134.02 (45)

Gy’ (MHz) 0.0000378 (12)

F. (MHz) ~1.079 (12)

A (uA?)¢ 0.012604 (26) 0.02917 (26)
Niines © 6257 5893

ot (MHz) 0.038 0.037

¢ QOctic centrifugal distortion constants not shown and held constant at their ground-state values in Table 2.
b Fundamental frequencies calculated using MP2/6-311+G(2d,p).

¢ Inertial defect, A;=1.— I, — I.
4 Calculated using PLANM from the By constants.
¢ Number of fitted transition frequencies.

values, it is possible that they also retain untreated Coriolis coupling,
though to a much lesser extent than the computed values. The MP2
AEy719 value of 26.4 em™! is in excellent agreement with the very
precise experimental value, while the B3LYP value is an overestimate by
6 cm™'. The Coriolis {3, ;4 values show very good agreement between
theory and experiment at the B3LYP and MP2 levels of theory, which,
combined with the low o5 value, indicates a satisfactory treatment of
the a-axis and b-axis Coriolis coupling in the least-squares fit.

Further evidence of an adequate treatment of the dyad by the
Hamiltonian model is the ability to include many resonant and nominal
interstate transitions in the data set, whose prediction is heavily
dependent on the AE,7 19 value and Coriolis-coupling constants. Sharp
a-type and b-type resonances are observed due to mixing of vey and vi9
energy levels that are nearly degenerate, as shown in Fig. 8. A “minus”
superscript on the K, value indicates that K, + K. = J + 1, whereas a
“plus” superscript indicates that K, + K, =J. AtJ” + 1 =157, there is an

intense a-type resonance between vy and v19 with a AK,; = 2 selection
rule. The resonant transitions are displaced from their unperturbed
transition frequencies by about 1.5 GHz. There are additional small
resonances in the K, = 16~ series of v; ¢ that correspond to resonances in
different vyy series. Each of these series displays the large undulations
due to centrifugal distortion and Coriolis coupling between these states.
Fig. 9 shows how these resonances and undulations progress across the
K" series of vy7. The undulations and resonances become more pro-
nounced and move to progressively higher J’+1 values as a function of
K,. While it is generally possible to obtain quartic distortion constants
and preliminary values of the energy difference and Coriolis-coupling
constants from the undulations, many local resonances are often
needed to obtain precise determinations of the latter constants. The
resonance progression plot shows that, for cyanopyrazine, most of the
intense resonances occur after J” + 1 = 100, reiterating the importance
of obtaining the higher-frequency data (360 — 500 GHz) used in this
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Table 4
Vibration-rotation interaction and Coriolis-coupling constants of cyanopyrazine.
Experimental B3LYP ? MP2 ?
Ao — Az; (MHz) —23.364 (18) 112.0 138.7
By - By (MHz) -1.77673 (17) -1.71 —1.66
Co — C27 (MHz) —1.995081 (37) -1.97 -1.92
Ap - Ao (MHzZ) 25.962 (18) —109.5 —136.4
Bp - B1g (MHz) —3.23230 (17) -3.07 -3.18
Co — C19 (MHz) —0.973115 (37) —-0.90 —0.95
(Ao — Azy) er (Ao — AIQ)(MHZ) 1.299 (13) 1.29 1.14
(Bo — Bay) ;r (Bo — Blg)(MHZ) —2.50452 (12) —-2.39 ~2.42
(Co — Ca7) Z (Co — 619)(MHZ) —1.484098 (26) —1.43 —1.44
a 0.899 0.804 0.808
CZ7A19
b 0.0413 0.036 0.037
{2710
AEz719 (em™) 24.8245962 (60) 30.6 26.4

%Evaluated with the 6-311+G(2d,p) basis set.
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Fig. 8. Resonance plots for cyanopyrazine showing the K, = 16 series for vi9
and K, = 187 series for vy;. These two resonances conform to the AK, = 2
selection rule for a-type resonances. The plotted values are frequency differ-
ences between excited-state transitions and their ground-state counterparts,
scaled by (J”+1) in order to make the plots more horizontal. Measured tran-
sitions are represented by circles: vo; (purple), vio (green). Predictions from the
final coupled fit are represented by a solid, colored line. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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work.

Two additional types of transitions are observed in the excited-state
spectra of cyanopyrazine that are made possible by the coupling of the
fundamental states: b-type transitions that are more intense than they
would be due purely to the b-axis dipole moment and nominal interstate
transitions. As observed with cyanocyclobutene [41], the state mixing of
vy7 and vqg allows intensity transfer from a-type transitions to b-type
transitions. In this case, b-type transitions are observed for each vibra-
tionally excited state, unlike cyanocyclobutene where they were only
observed in vy7. The result is that there are many b-type, R-branch
transitions assigned, measured, and least-squares fit for the dyad despite
the very small up (approximately 42 times smaller than ug). Formally
forbidden, nominal interstate rotational transitions are observable from
the energy levels with the most intense state-mixing. They share at least
one energy level with a transition involved in a resonance and borrow
intensity from those resonant transitions. In some cases, the intensity
borrowing is so profound that the intrastate resonant transitions have
vanishingly small intensities and cannot be observed. In other cases,
such as the one highlighted in Fig. 10, all four transitions (two intrastate
resonant transitions and two interstate transitions) can be observed and
included in the least-squares fit. Since the four transitions involve the
same four energy levels, the average of the nominal interstate fre-
quencies should be the same as that of the intrastate frequencies. For the
particular set depicted in Fig. 10, the averages differ by only 25 kHz,
giving confidence in their assignment and in the dyad least-squares fit
overall. The inclusion of the many b-type transitions and the nominal
interstate transitions provides a substantial constraint on the AEyy 19
value and Coriolis-coupling constants. As a result, we are confident that
the spectroscopic constants provided are well-determined and likely to
be physically meaningful and predictive beyond the studied frequency
range.

5. Conclusion

The transition frequencies and spectroscopic constants for cyano-
pyrazine, presented in this work, provide the necessary laboratory data
for future astronomical searches for this potential pyrazine tracer.
Combined with computed or experimental nuclear quadrupole coupling
constants, the spectroscopic constants should reliably predict transition
frequencies to much lower or slightly higher frequencies for the ground
and two lowest-energy fundamental states. While this work provides the
precise and accurate energy separation between vibrational modes vy;
and 9, high-resolution infrared spectroscopy or other spectroscopy
that would provide a direct measurement of the frequency of either vy,
or V19 is needed to determine both fundamental frequencies. This mea-
surement would be somewhat challenging due to the low predicted IR
intensities of vo7 and v19 (1.5 and 0.4 km/mol, respectively; MP2). Such
an investigation would also resolve the ambiguity concerning the proper
assignment of these two modes from the previous low-resolution
infrared study. A high-resolution infrared study would further provide
the necessary information to begin to address the complex set of inter-
acting vibrationally excited states higher in energy than vy and vi9. The
two-quanta states of vy; and vig are expected to form a complicated
tetrad of states with vyg (0.8 km/mol, MP2), as shown in Fig. 6. Although
the millimeter-wave intensities of these transitions are expected to be
strong enough to readily observe their spectra, and many perturbation
constants can be predicted by scaling the coupling constants between vay
and vy9 by a factor of v/2, achieving a satisfactory least-squares fit will
still be a challenging endeavor.
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indistinguishable from the plotted values on this scale. The plotted values are
counterparts, scaled by (J” + 1).

frequency differences between excited-state transitions and their ground-state

Fig. 10. Energy diagram (left) depicting a
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nant transitions, which are identified with a
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ences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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ABSTRACT

The millimeter-wave rotational spectrum of ketene (H,C=C=0) has been collected and analyzed from 130 to 750 GHz, providing highly
precise spectroscopic constants from a sextic, S-reduced Hamiltonian in the I" representation. The chemical synthesis of deuteriated samples
allowed spectroscopic measurements of five previously unstudied ketene isotopologues. Combined with previous work, these data provide a
new, highly precise, and accurate semi-experimental (reSE) structure for ketene from 32 independent moments of inertia. This r.>E structure
was determined with the experimental rotational constants of each available isotopologue, together with computed vibration-rotation inter-
action and electron-mass distribution corrections from coupled-cluster calculations with single, double, and perturbative triple excitations
[CCSD(T)/cc-pCVTZ]. The 20 uncertainties of the r.** parameters are <0.0007 A and 0.014° for the bond distances and angle, respectively.
Only S-reduced spectroscopic constants were used in the structure determination due to a breakdown in the A-reduction of the Hamilto-
nian for the highly prolate ketene species. All four ,°" structural parameters agree with the “best theoretical estimate” (BTE) values, which
are derived from a high-level computed r. structure [CCSD(T)/cc-pCV6Z] with corrections for the use of a finite basis set, the incomplete
treatment of electron correlation, relativistic effects, and the diagonal Born-Oppenheimer breakdown. In each case, the computed value of
the geometric parameter lies within the statistical experimental uncertainty (20) of the corresponding semi-experimental coordinate. The
discrepancies between the BTE structure and the r.>F structure are 0.0003, 0.0000, and 0.0004 A for rc-c» re-n, and rc-o, respectively, and
0.009° for Oc_c_H.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0154770

INTRODUCTION combustion,” and astrochemistry.® The parent molecule of the fam-

ily, ketene (H,C=C=0), is a paradigm in terms of structure, bonding,

€€:¥5'81 €20T dunr 92

Ketenes (R,C=C=0) represent an important functional group
in organic chemistry."” The reactivity of ketenes, albeit modulated
by the nature of the substituents, is generally very high with respect
to cycloaddition reactions and the addition of nucleophiles. As
such, ketenes are precursors to the family of carboxylic acid deriva-
tives, including anhydrides, carboxylic acids, esters, and amides
(Scheme 1). It is the central relationship to these and other func-
tional groups that places ketenes as important intermediates in
diverse areas of science, including synthetic organic chemistry, ™
petroleum refining,’ photolithography,” atmospheric chemistry,

and reactivity. It is a cornerstone of structural organic chemistry and
has attracted substantial interest from both experimental and theo-
retical communities. In the current study, we describe the determi-
nation of a highly precise, gas-phase molecular structure for ketene
using state-of-the-art methods for both experiment and theory.
Ketene (H,C=C=0, C,,, ethenone) has been identified as an
interstellar molecule, with its initial detection in Sgr B2 in 1977.”
Its detection in that source was later confirmed,'’ and various
subsequent studies detected ketene in other galactic'' " and extra-
galactic'® sources. Ketene has been generated from the photolysis
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SCHEME 1. Reactions of ketene with various nucleophiles.

of interstellar ice analogs comprising a variety of chemical com-
positions (O, + C;H,, CO, + C;Hy, CO + CHy).® The central,
electrophilic carbon atom of ketene reacts with common interstel-
lar molecules H,O, NH3, CH30H, and HCN to form acetic acid,
acetamide, methyl acetate, and pyruvonitrile, respectively." " Some
of these reaction products have potential prebiotic importance in
the interstellar medium. Ketene can also be generated from the
decomposition of two known interstellar molecules: acetic acid”
and acetone.”’ The acylium cation (H;C-C=0", Cs,),”” which has
recently been detected in the ISM,” is a protonated form of ketene.
Due to its prevalence and possible role in the chemical reactions
of extraterrestrial environments, the observation of rotational tran-
sitions of ketene in its ground and vibrationally excited states is
important to radioastronomers. Previously, the rotational spectra
of various ketene isotopologues have been observed and assigned
up to a frequency of 350 GHz. In this work, we extended the fre-
quency range to 750 GHz for 15 ketene isotopologues, including
all singly substituted heavy-atom isotopologues of ketene, ketene-
dy, and ketene-d,. The doubling of the spectral range for ketene
isotopologues, along with new isotopologue analyses, expands the
capabilities for radioastronomers to search for ketene spectral lines
in different extra-terrestrial environments.

The pure rotational spectra of ketene and its isotopologues
have been extensively studied for over seventy years. The rota-
tional spectrum of ketene and its two deuteriated isotopologues,
[2-2H]-ketene (HDC=C=0) and [2,2-?H]-ketene (D,C=C=0),
were measured in the early 1950s.”%”" Subsequently, heavy-atom
substituted isotopologues [2-3C]-ketene and ['*0]-ketene were
measured in 1959 and 1963,""”" but the final single-substitution
isotopologue, [1—13C]—ketene, was not reported until 1990.”° In
1966, the proton spin-rotation and deuterium nuclear quadrupole
constants were determined for ketene, [2-2H]-ketene, and [2,2-
*H]-ketene.” In 1976, the frequency range was extended into the
millimeter-wave region (up to 220 GHz) for [2-2H]-ketene and
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FIG. 1. Ketene isotopologues previously measured (black) and newly mea-
sured in this work (blue). Ketene, [2-°H]-ketene, and [2,2-2H]-ketene were
measured by Bak et al.?* [2-'3C]-ketene and ['®O]-ketene were measured by
Cox et al.?6 [1-13C]-ketene was measured by Brown et al.?¢ ['7O]-ketene was
measured by Guarnieri and Huckauf3! [1,2-"°C]-ketene, [2,2-2H, 1-"3C]-ketene,
[2,2-2H, 2-'°C]-ketene, and [2,2-%H, '®0]-ketene were measured by Guarnieri.2?
The date listed indicates the first literature report of that isotopologue.

[2,2-*H]-ketene, permitting analysis of their centrifugal distortion.*
More recent studies expanded the measured frequency range to
350 GHz for various isotopologues, refined the least-squares fits,
and measured the spectra of new isotopologues ['7O]-ketene,”’
[1,2-1*C]-ketene,> [2,2-*H, 1-"*C]-ketene,*> [2,2-*H, 2-1*C]-
ketene,’” and [2,2-2H, 80]-ketene.*? For ketene, itself, Nemes et al.
reported the measurement of 82 a-type, AK, = 0 transitions up
to 800 GHz.”” Figure 1 shows the 11 isotopologues for which
rotational spectra have previously been reported (black) and the five
isotopologues newly measured in this work (blue).

The gas-phase infrared spectrum of ketene was recorded nearly
85 years ago.” The rotational structure in the infrared spectrum
was first analyzed by Halverson and Williams,** followed by Harp
and Rasmussen,’® Drayton and Thompson,’” Bak and Andersen,’
and Butler et al.”’ The infrared spectra of [2-2H]-ketene and
[2,2-2H]-ketene were reported in 1951," and the first vibration-
rotation bands of ketene and [2,2->H]-ketene were observed by
Arendale and Fletcher in 1956.""" The first complete analysis of
the rotationally resolved infrared spectra of the nine fundamen-
tal states present in ketene, [2-2H]-ketene, and [2,2-*H]-ketene
was performed by Cox and Esbitt in 1963.*> Nemes explored the
Coriolis coupling present in vs, Vs, vs, and vo of ketene in two sep-
arate studies in 1974 and 1978."*"> A similar study was done on
[2,2—2H]—ketene by Winther et al., where vs, v, vs, and vo were
examined.”® A high-resolution infrared analysis of the four A, vibra-
tional states for ketene, [2-2H]-ketene, and [2,2-2H]-ketene was per-
formed by Duncan et al.,"” followed by the high-resolution infrared
study of vs, ve, v7, and vg fundamental states and two overtone states
for ketene by Duncan and Ferguson.*® The vo, v, and vs bands in
[2,2-*H]-ketene were analyzed with high-resolution infrared spec-
troscopy by Hegelund et al.’ Escribano et al.”’ examined the v,
band of ketene in 1994, which is coupled to other vibrational modes.
The fundamental states, vs and vs, were re-examined by Campifia
et al.”>! in 1998 along with the observation of v¢ + vo in 1999 by
Gruebele et al.”” Johns et al.”® were able to update the ground-state
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spectroscopic constants derived from millimeter-wave data along
with the infrared data provided by Campifa et al.”! and Escribano
et al.”’ Nemes et al.”* revisited the non-linear least-squares fitting of
Vs, Vg, and v and were able to remove most of the Coriolis pertur-
bation contributions to the A, rotational constants and derive new
experimental Coriolis { constants. The vibrational energy manifold

3400 F
3200 + V7, Bo___
LA Vgt By ——
3000 - 1M
2800
2600
2400
2200 [ py, A,
2000
_ I 2ug, Ay
‘E 1800 |-
8 L
Lq> 1600 I
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1200 - vy Al 27/5, A]—
[ ? 27/(, A] _—
1000 - g, By—— : Votvg, Ay—
800
600 - Vs Bi___
L I/6, Bl_
400 Yy, Bz
200
o+ gSs——0
fundamental overtone combination
states states states

FIG. 2. Vibrational energy levels of ketene below 3400 cm=". Experimentally
observed vibrational energy levels (black, purple, and maroon) are each taken
from the most recent literature report and labeled.”*>* Unobserved vibrational
energy levels (gray) are depicted using the computed fundamental frequencies
[CCSD(T)/cc-pVTZ]. Overtone and combination states are provided up to five
quanta.

TABLE I. Select previously reported structures of ketene.
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up to 3400 cm™" is shown in Fig. 2, using the experimental frequen-
cies where available and supplementing with computed values where
experimental values are not available.

The observation and assignment of various ketene isotopo-
logues have been used for several structural determinations pre-
sented in Table 1.”%7°°% The first zero-point average structure (r;),
accounting for harmonic vibrational corrections, centrifugal distor-
tion, and electronic corrections, was determined in 1976.”> A second
r. structure was calculated in 1987,° after several studies exam-
ining the vibrational spectra of ketene isotopologues facilitated a
more physically realistic general harmonic force field to be applied
to the structure calculation.”**” The additional measurement of
[1-*C]-ketene by Brown et al’® enabled the first complete sub-
stitution structure (rs) determination, where every atom was iso-
topically substituted at least once in the structure determination.
The first semi-experimental equilibrium structure (r.°%), using
vibration-rotation interaction corrections calculated from an anhar-
monic force field, was calculated in 1995 with the rotational con-
stants of the six isotopologues available at that time.”” The six iso-
topologues in this r.** structure provide 12 independent moments of
inertia, which is more than sufficient to determine the four structural
parameters of ketene. Guarnieri et al.”">"’ measured and assigned
rotational transitions for five new isotopologues and determined
an updated r.** from the rotational constants of 11 isotopologues
(22 independent moments of inertia) using vibration-rotation cor-
rections calculated at the MP2/cc-pVTZ level in 2010.°° The two rSE
structures are generally in good agreement but disagree somewhat
with respect to the rc_y value.

The foundation for semi-experimental equilibrium (r¢5F) struc-
ture determination was pioneered by Pulay, Meyer, and Boggs,"
and the accuracy of the structures obtained using this approach
has been exemplified in various studies.” *” The accuracy of semi-
experimental structures using different computational methods was
investigated in the 1990s and 2000s”" " and was comprehensively
reviewed by Puzzarini’® and Puzzarini and Stanton.”® The coupled-
cluster method for both geometry optimizations and anharmonic
force-field calculations, along with sufficiently large basis sets for the
molecule of interest, was shown to provide the most accurate struc-
tural parameters.”””” For larger molecules, where coupled-cluster
methods are not feasible, structural parameters derived from density

Mallinson and Nemes’® Duncan and Munro® Brown et al.”* East et al.”’ Guarnieri et al.”®
r. 1976 r. 1987 rs 1990 S 1995 rE 2010
re-c 1.3171 (20)" 1.316 5 (15)" 1.314 (72)° 1.312 12 (60)" 1.3122 (12)¢
re-H 1.0797 (10)° 1.080 02 (33)" 1.0825 (15)° 1.075 76 (14) 1.0763 (2)¢
fc-o 1.1608 (20)" 1.161 4 (14)° 1.162 (72)° 1.160 30 (58) 1.1607 (12)°
Oc-c-n 119.02 (10)* 119.011 (31)° 118.72 (5)° 119.110 (12)° 119.115 (22)¢
Niso® 5 5 6 6 11

*Uncertainties as stated in Mallinson and Nemes.**

®3¢ values.

“Uncertainties estimated as recommended by Costain®' and Harmony et al.””
4 All statistical uncertainties adjusted from previous reports to be 20 values.
“Number of isotopologues used in the structure determination.
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functional methods, e.g., BBLYP/SNSD, display reasonable accu-
racy.”® A number of our recent studies have shown remarkable
agreement of CCSD(T)/cc-pCV5Z or CCSD(T)/cc-pCV6Z r struc-
tures with r.°® structures determined using CCSD(T)/cc-pCVTZ
vibration-rotation corrections.”’ ** The small number of atoms in
ketene allows the coupled-cluster approach to be utilized in this
work, affording an 7. structure of similar precision and accuracy
to those recent studies.

EXPERIMENTAL METHODS

The rotational spectra of synthesized samples of ketene and
deuteriated ketene, described later, were continuously collected
in the segments 130-230, 235-360, 350-500, and 500-750 GHz.
The instrument covering the 130-360 GHz range has previously
been described.”” *’ The 350-500 and 500-750 GHz segments were
obtained with a newly acquired amplification and multiplication
chain. VDI Mini SGX (SGX-M) signal generator, with external mul-
tipliers WR4.3X2 and WR2.2X2, generates 350-500 GHz and, with
external multipliers WR4.3X2 and WR1.5X3, generates 500-750
GHz. These spectral segments were detected by using VDI zero-bias
detectors WR2.2ZBD and WRI1.5ZBD, respectively. The complete
spectrum from 130 to 750 GHz was obtained using automated data
collection software over ~12 days with these experimental para-
meters: 0.6 MHz/s sweep rate, 10 ms time constant, and 50 kHz AM
and 500 kHz FM modulation in a tone-burst design.”’ The frequency
spectra were combined into a single spectral file using Assignment
and Analysis of Broadband Spectra (AABS) software.”"”* Pickett’s
SPFIT/SPCAT programs” were used for least-squares fits and spec-
tral predictions, along with Kisiel's PIFORM, PLANM, and AC
programs for analysis. *”> Additional short-frequency ranges of the
spectrum were collected with an increased number of scans for
low-abundance isotopologues. In our least-squares fits, we assume
a uniform 50 kHz frequency measurement uncertainty for our mea-
sured transitions, 50 kHz for literature values that did not specify
an uncertainty, and 25 kHz for transitions reported by Guarnieri
et al.”"”"*" Least-squares fitting output files are provided in the
supplementary material.

In this study, we measured and assigned the rotational spec-
trum from 130 to 750 GHz for the primary (Fig. 3) and deuterium-
substituted ketene isotopologues, including their heavy-atom

FIG. 3. Ketene structure with principal inertial axes and carbon atom numbering.
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isotopologues, *C and '80. All O-substituted isotopologues,
including the new detection of [2-2H, 17O]-ketene and [2,2-2H,
17O]—ketene, were measured from 230 to 500 GHz. The reduced
frequency coverage is due to lower signal-to-noise ratios (S/N)
for the hardware configurations outside that range. Transitions of
[1,2-1*C]-ketene could not be measured or assigned due to the prox-
imity of its transitions to those of [2-'*C]-ketene and the inherently
lower S/N for an isotopologue ~0.0121% the intensity of the main
isotopologue. Thus, we were unable to improve upon the spec-
troscopic constants presented by Guarnieri.”” Due to the planarity
condition, each isotopologue provides two independent moments
of inertia. With 16 isotopologues used for the new structure deter-
mination, an " structure for ketene was obtained by using 32
independent moments of inertia.

COMPUTATIONAL METHODS

Calculations were carried out using a development version
of CFOUR.”® The ketene structure was first optimized at the
CCSD(T)/cc-pCVTZ level of theory. The optimized geometry and
the same level of theory were subsequently used for an anharmonic,
second-order vibrational perturbation theory (VPT2) calculation,
wherein cubic force constants are evaluated using analytical second
derivatives at displaced points.”””’ Magnetic property calculations
were performed for each isotopologue to obtain the electron-mass
corrections to the corresponding rotational constants. The “best
theoretical estimate” (BTE), as described previously, is based on
a CCSD(T)/cc-pCV6Z optimized structure with four additional
corrections’” ** that address the following:

1. Residual basis set effects beyond cc-pCV6Z.
Residual electron correlation effects beyond the CCSD(T)
treatment.

3. Effects of scalar (mass-velocity and Darwin) relativistic
effects.

4. The fixed-nucleus approximation via the diagonal Born-
Oppenheimer correction.

The equations used to calculate these corrections and the val-
ues of each of these corrections for ketene are provided in the
supplementary material (S7-S13 and Table S-V). One of the most
important factors of the algorithm used to determine the BTE is
the estimation of residual basis set effects, specifically estimated as
the difference between the (directly computed) cc-pCV6Z geome-
try at the CCSD(T) level of theory and the estimate of the CCSD(T)
geometry at the basis set limit. Following others,'”’ the latter is esti-
mated by assuming an exponential convergence pattern with respect
to the highest angular momentum basis functions present in the
basis. A complete explanation of the BTE calculation is provided in
the supplementary material.

The xrefit module of CFOUR calculates the moments of
inertia and the semi-experimental equilibrium structure using the
experimental, S-reduced rotational constants and computational
electron-mass distribution and vibration-rotation corrections.
The xrefiteration program was used to reveal insight into the contri-
butions of additional isotopologues in refining the structure.*” The
routine begins by determining a structure using a single isotopic
substitution at each position and then sequentially adding the most
uncertainty-minimizing isotopologue to the structural least-squares
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SCHEME 2. Ketene isotopologue synthesis: (a) ketene-h; by pyrolysis of acetone-
hs, (b) mixture of ketene isotopologues by pyrolysis of 50% deuterium-enriched
acetone, and (c) ketene-d; by pyrolysis of acetone-d.

fit until all available isotopologues are incorporated. The routine is
also useful in assessing the quality of the fit for each isotopologue,
since a problematic fit may be readily apparent as a deviation in the
xrefiteration plot.

Computational output files are provided in the supplementary
material.

SYNTHESIS OF KETENE ISOTOPOLOGUES

Ketene was synthesized by pyrolysis of acetone (HPLC grade,
Sigma-Aldrich) at atmospheric pressure using a lamp described by
Williams and Hurd'"! and collected in a —130 °C cold trap [Scheme
2(a)]. After collection, the cold trap was isolated from the pyrolysis
apparatus and placed under vacuum to remove volatile impuri-
ties; ketene was then transferred to a stainless-steel cold trap for
spectroscopic investigation. A mixed deuterio-/protio-solution of
acetone-dy was produced by a procedure modified from Paulsen and
Cooke,'"” using acetone, D, 0, and lithium deuteroxide (LiOD). The
reaction mixture was distilled, yielding ~50% deuterium-enriched
acetone. Pyrolysis and purification of this mixture produced ketene,
[2-2H]-ketene, and [2,2->H]-ketene [Scheme 2(b)]. An independent
sample of [2,2-2H]-ketene [Scheme 2(c)] with high deuterium incor-
poration was generated by pyrolysis of acetone-ds (99.5%, Oakwood
Chemical).

ANALYSIS OF ROTATIONAL SPECTRA

The rotational spectrum of ketene is dominated by Ry transi-
tions, but a select few low-intensity *Qo,—; transitions were observ-
able in the lower frequency range. Ketene has an g-axis dipole,
pa = 1.414 (10) D,” and is extremely close to a prolate top
[« = —0.997 for the main isotopologue, Eq. (1)], which can result in
a breakdown of the A-reduction least-squares fit (I" representation)

of the Hamiltonian,
2B—-A-C
=) 1
= (P )

The A-reduction breakdown for molecules that approach a spher-
ical top, a prolate top (in the I”' representation), or an oblate top
(in the III"" representation) has been discussed previously.**'*" "
(The output files of least-squares fitting for each isotopologue to sex-
tic, A- and S-reduction Hamiltonians in the I representation are
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FIG. 4. Difference between the determinable constants (Ay”’, By”’, and Co”’)
derived using the A- and the S-reduced Hamiltonians for ketene isotopologues as
a function of x. The symbols for the b- and c-axis differences are so close to zero
that they are overlapped and difficult to distinguish on the plot. Note the increase
in scatter and the deviation from zero for the a-axis differences as x approaches
the prolate limit of —1.000.

provided in the supplementary material.) For ketene, the experi-
mental and computed A-reduction spectroscopic constants do not
appear to display the unreasonably large K-dependent centrifugal
distortion constants that have been noted in other cases where the
A-reduction breaks down. There is, however, a significant differ-
ence between the A- and S-reduction determinable constants (Egs.
S1-S6 in the supplementary material) from the least-squares fits in
the A- and S-reductions. The « values for the ketene isotopologues
vary from —0.9915 ([2,2-2H]-ketene) to —0.9975 ([*30]-ketene). The
greatest discrepancies in the determinable constants occur for the Ag
constant of the isotopologues with the greatest « values, ['*0]-ketene
and [7O]-ketene. Fi gure 4 shows the differences in the determinable
constants (nominal B” values) in the A- and S-reductions as a func-
tion of x. While the trend does not show a clearly defined behavior,
the variability in A¢”’ increases as x approaches the prolate-top limit
(-1.000). Additionally, in each case, the A-reduction fits have a
larger statistical uncertainty than the S-reduction fits. Doose et al.'””
observed similar issues with [2,2-2H]-ketene (x = —0.9915), includ-
ing high uncertainties and high correlations for some parameters
when only pure rotational transitions were used in the least-squares
fit. For these reasons, only the S-reduction spectroscopic constants
are presented in the main text of this work and used in the ,*" struc-
ture determination. The S-reduction spectroscopic constants for all
ketene isotopologues are presented in Table I1.

Table II provides the experimental spectroscopic constants in
the S-reduction and I” representation for all 16 ketene isotopologues
used in the semi-experimental equilibrium structure determination.
The [1,2-"*C]-ketene spectroscopic constants provided in Table II
are those reported by Guarnieri et al’’ due to the inability to
measure this isotopologue in this work. Table IT includes, for the
normal isotopologue, the previously determined spectroscopic con-
stants by Guarnieri and Huckauf*’ and the computed constants
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[CCSD(T)/cc-pCV6Z] for comparison to the experimental values
determined in this work. The CCSD(T) values for all other isotopo-
logues can be found in the supplementary material. Experimental
rotational constants By and Cyp determined by Guarnieri and Huck-
auf®’ are in exceptional agreement with this work, but A is not
in such good agreement. The computed rotational constants are in
good agreement with the experimentally determined ones previously
reported, with the largest discrepancy being in By (0.58%). Centrifu-
gal distortion constants determined by Guarnieri and Huckauf™ are
also in excellent agreement with those determined here, with the
largest difference in d, (0.81%). Neither work was able to determine
Dk, but Guarnieri et al. used the previously determined value from
Johns et al.,”* while the present work used the CCSD(T) value. The
CCSD(T) value was utilized to maintain a consistent treatment with
the sextic centrifugal distortion constants, which were also held fixed
at the CCSD(T) values since experimental values are not available.
The CCSD(T) values for the centrifugal distortion constants display
the expected level of agreement with the experimental values, with
the largest discrepancy in d (22%). There are only two sextic dis-
tortion constants that were determined both in this work and by
Guarnieri and Huckauf,® Hjx and Hgj, and both are in reasonable
agreement (28%). Hy was determined in this work, while it was held
fixed in Guarnieri and Huckauf,”’ similar to Dx. Hk is held fixed at
two different values in the two works for the same reason as Dk. This
work held the off-diagonal sextic centrifugal distortion constants, h,
hy, and hs, fixed at their respective CCSD(T) values, while they were
held at zero in the previous studies. This difference seemed to negate
the need for the two octic centrifugal distortion constants utilized in
the previous studies for the frequency range and K, range measured
in this work. The largest relative discrepancy in the CCSD(T) sextic
centrifugal distortion constants that were determined is in Hy (63%),

A

ARTICLE scitation.org/journalljcp

which is not unexpected due to it being orders of magnitude smaller
than the other constants.

The band structure for all ketene isotopologues is typical for
a highly prolate molecule, with each band corresponding to a sin-
gular J"+1 value with different K, values. The transitions of the
band structure lose K, degeneracy for K, = 3 for all isotopologues,
with the protio-isotopologues losing degeneracy in bands at higher
frequencies. The current work expanded the range of quantum num-
bers of the transitions assigned for ketene to include J”'+1 = 7 to 41
and K, = 0 to 5. The breadth of the transitions assigned in this work
is shown in Fig. 5, where all transitions newly measured are in black
and previously measured transitions are in various colors indicating
their source. All ketene isotopologue least-squares fits were limited
to transitions with K, < 5, even though transitions with higher K,
were observed. This is because a single-state, distorted-rotor Hamil-
tonian was unable to provide a least-squares fit below the assumed
measurement uncertainty of 50 kHz when incorporating transitions
above K, = 5. This failure of the single-state least-squares fit to
model all of the observable transitions is due to coupling between
the vibrational ground and excited states that has been extensively
studied in the infrared spectra of ketene and summarized in the
Introduction.”***""**" An analysis of the vibrational coupling is
beyond the scope of the current work. The cutoff of K, < 5 was
implemented for all isotopologues to maintain a consistent amount
of spectroscopic information. A similar procedure was applied to
previous studies with HN3 which also has a ground state coupled
to low-energy fundamental states,'!’ and was shown to provide an
r.>F structure with complete consistency with the BTE."""

The heavy-atom isotopologues of ketene were observed at
natural abundance from the synthesized protio-sample of ketene,
and only “Ry,; transitions could be observed and measured. The

40 -
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FIG. 5. Data distribution plot for the least-squares fit of spectroscopic data for the vibrational ground state of ketene. The size of the outlined circle is proportional to the
value of |(fops. — faic.)/8F|, where 68f is the frequency measurement uncertainty. The transitions are color coordinated as follows: Current work (black), Brown et al.?® (purple),
Johnson and Strandberg?® (blue), and Guarnieri and Huckauf®®(green). Transitions from previous studies that overlapped with current measurements were omitted from

the dataset.
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[2-2H]-ketene and [2,2-*H]-ketene isotopologues were the only
other isotopologues where “Qq_1 transitions could be measured.
The [2-*H]-ketene isotopologue has a small predicted b-dipole
moment, g4, = 0.048 D, but no b-type transitions were sufficiently

ketene
(a) [1—13C]—ketene
— [2-"Cl-ketene
— [180]—kelene
[”O]-kelene
L |||“| |

LR [ BRI

i 1 | |
Wﬂ‘ NN 1

Tl

=

I T T T T T T T T T T
420 422 424 426 428 430 432 434

GHz
(b) — [2»§H]-kelt3ene
— [2-"H, 1- "C]-ketene
— [2-°H, 2-°Cl-ketene
[2-2H, 18O]—ketene
— [2°H, O] -ketene
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(c) [2,2-2H]—kfit36ne
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FIG. 6. (a) Stick spectra predicted from experimental spectroscopic constants from
420.0 to 434.0 GHz (top) and experimental spectrum (bottom) of the ketene and
heavy-atom isotopologues. (b) Stick spectra predicted from experimental spec-
troscopic constants from 420.0 to 434.0 GHz (top) and experimental spectrum
(bottom) of the [2-?H]-ketene and heavy-atom isotopologues. (c) Stick spectra
predicted from experimental spectroscopic constants from 411.0 to 425.0 GHz
(top) and experimental spectrum (bottom) of the [2,2-2H]-ketene and heavy-
atom isotopologues. Transitions belonging to vibrationally excited states are also
discemnible.
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intense to be observed in our spectrum. All of the heavy-atom
isotopologues for [2-2H]-ketene and [2,2-2H]-ketene were observ-
able at natural abundance in their deuterium-enriched samples.
For the previously observed isotopologues, the published spectro-
scopic constants were used as predictions for the spectral region
measured in this work. Once rotational constants were obtained
for several known isotopologues, a preliminary semi-experimental
equilibrium structure was obtained, which provided very accu-
rate equilibrium rotational constants for new isotopologues. Along
with CCSD(T) vibrational and electronic corrections and centrifugal
distortion constants, the predicted rotational constants were used
to assign transitions for the previously unidentified isotopologues:
[2-2H, 1-3C]-ketene, [2-2H, 2-'3C]-ketene, [2-’H, '30O]-ketene,
[2-2H, 170]-ketene, and [2,2-2H, 17O]-ketene. This technique
greatly expedited the search for these transitions, as the CCSD(T)/
cc-pCVTZ rotational constants predictions were not accurate
enough to easily identify and assign the transitions. All heavy-atom
isotopologue transitions measured from 500 to 750 GHz and all
three 7 O-isotopologues measured from 230 to 500 GHz required
averaging 20 scans due to low S/N. These low S/N transitions were
collected by acquiring 10 MHz windows around each predicted tran-
sition. Despite the various isotopologue substitutions, the spectral
pattern (Fig. 6) of ketene was relatively consistent due to the highly
prolate nature of the molecule.

The rotational spectra of three separate ketene samples are
shown in Fig. 6, where (a) corresponds to the protio-isotopologue
from 420 to 434 GHz, (b) corresponds to the [2-2H]-ketene isotopo-
logue from 420 to 434 GHz, and (c) corresponds to the [2,2-2H]-
ketene isotopologue from 411 to 425 GHz along with their respective
heavy-atom isotopologues. The rotational spectrum of ketene is
sparse with the bands of R-branch transitions with constant J val-
ues, separated by ~16 GHz or ~2C, allowing for the assignment of
multiple isotopologues within one sample spectrum. Thus, there was
little issue with transitions overlapping, which would cause a poor
determination of the transition frequencies. Each spectrum con-
tains unassigned transitions belonging to excited vibrational states
of ketene isotopologues, as shown in Fig. 6. Data distribution plots
for the isotopologues, showing the breadth of quantum numbers
observed, are provided in the supplementary material.

SEI;/ILI-EXPERlMENTAL EQUILIBRIUM STRUCTURE
(re>°)

E
In contrast to several of our recent r " structure

. . 79-86 . .
determinations,” *" the spectroscopic constants determined

in the S-reduction (Bﬁ(s)) were converted to equilibrium constants

(BY) and used directly in the least-squares fitting of the semi-
experimental equilibrium structure without conversion to the
determinable constants. In those previous studies, with the excep-
tion of [1,3-2H]-1H-1,2,4-triazole, the A-reduction and S-reduction
rotational constants for each isotopologue were converted to the
determinable constants from which the centrifugal distortion has
been removed. These determinable constants are then averaged
before converting to the equilibrium constants (B) for r,F struc-
ture determination. As noted previously, ketene is an extreme
prolate top (x = —0.997) with only a-type transitions; thus, the
A-reduction spectroscopic constants cannot be determined as
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accurately as the S-reduction constants. As a result, the S-reduction
specific vibration-rotation interaction corrections determined in
the CFOUR anharmonic frequency calculation were used to obtain
the equilibrium rotational constants. Thus, the centrifugal distortion
corrections used to determine the equilibrium rotational constants
are the computed ones rather than the experimental ones. Ideally,
the spectroscopic constants would be determined in both the A- and
S-reductions, and each rotational constant would be converted to a
determinable constant. If the determinable constants were similar,
it would give confidence that the rotational and quartic centrifugal
distortion constants were determined with sufficient accuracy to be
included in the structure determination, regardless of the size of
the transition dataset. A similar problem might have arisen in the
HN; semi-experimental equilibrium structure determinations,”"’
but the HN3 dataset included b-type transitions, along with a-type
transitions, which gave enough spectroscopic information to
successfully determine the A-reduction spectroscopic constants.

In the current case, the S-reduction rotational constants
were input to xrefit, along with vibration-rotation interaction and
electron-mass distribution corrections predicted at the CCSD(T)/
cc-pCVTZ level of theory. The xrefit module uses the values to cal-
culate the equilibrium rotational constants (B,) using Eq. (2), where
the second term contains the vibration-rotation interaction correc-
tion, %p is the electron—proton mass ratio, Bg(s) is the S-reduction
rotational constant, and g is the corresponding magnetic g-tensor
component,

TABLE llI. Inertial defects (4;) and second moments (P of ketene isotopologues.

30t
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p_pf(s) , I g M
Be = BO + Ezl: A - ﬁ;gﬁﬂBﬂ. (2)

These calculated equilibrium rotational constants are then used to
calculate the inertial defect (4;), which is precisely zero for a rigid,
planar molecule. For ketene, without either computational correc-
tion, the observed inertial defect A; is ~0.09 yAZ (Table II1). Includ-
ing the vibration-rotation interaction correction decreases the iner-
tial defect to ~0.004 ,uAZ, while the inclusion of the electron-mass
correction brings the inertial defect to slightly larger than 0.004 uA*
(Table I11) in a similar manner to HN3.**> These two molecules stand
in contrast to the trend observed for heterocyclic molecules,”” >
where the vibration-rotation interaction correction results in a small
negative value of A; and subsequent application of the electron-
mass correction brings the magnitude of A;, close to zero. 4411
The similar inertial defect trend to HN3 is likely due to the nature
of the C-C-O backbone, where the electron mass is more-or-less
cylindrically distributed in the combined in-plane and out-of-plane
Tt orbitals.

The semi-experimental equilibrium structure parameters of
ketene obtained from 16 isotopologues are shown in Fig. 7 and enu-
merated in Table IV. The 20 statistical uncertainties of the bond
distances are all <0.0007 A, and the corresponding uncertainty in
the bond angle is 0.014°. Overall, the precision and accuracy of the
structural parameters are similar to those of HN3** when compar-
ing the r.>" calculated at the same level of theory. The 20 statistical

Isotopologue Ai (uA?)! Aie ([/l;‘xz)“’h Aie (uA*)" Py, ([JAZ)(’d Pyy/mp (A2)5%¢
H,CCO 0.0774 0.0035 0.0041 1.78276 1.768 92
[1-*C]-H,CCO 0.0772 0.0035 0.0040 1.782 77 1.768 93
[2-1*C]-H,CCO 0.0772 0.0035 0.0041 1.782 75 1.768 91
[*0]-H,CCO 0.0779 0.0036 0.0042 1.782 70 1.768 86
[70]-H,CCO 0.0779 0.0038 0.0044 1.782 59 1.768 75
[1,2-1*C]-H,CCO 0.0766 0.0031 0.0037 1.782 95 1.769 11
[2,2-2H]-H,CCO 0.1089 0.0036 0.0042 3.561 73 1.768 40
[2,2-2H, 2-"*C]-H,CCO 0.1086 0.0036 0.0042 3.561 74 1.768 40
[2,2-2H, 1-'*C]-H,CCO 0.1086 0.0036 0.0042 3.561 74 1.768 40
[2,2-*H,'*0]-H,CCO 0.1095 0.0036 0.0042 3.561 75 1.768 40
[2,2-*H,70]-H,CCO 0.1093 0.0037 0.0043 3.561 77 1.768 42
[2-*H]-H,CCO 0.0964 0.0037 0.0043 2.594 89

[2-2H, 2-*C]-H,CCO 0.0963 0.0037 0.0043 2.598 82

[2-2H, 1-*C]-H,CCO 0.0961 0.0036 0.0042 2.595 32

[2-2H,'¥0]-H,CCO 0.0969 0.0037 0.0043 2.595 58

[2-?H,"70]-H,CCO 0.0966 0.0036 0.0042 2.595 31

Average (X) 0.0918 0.0036 0.0042

Std dev (s) 0.0132 0.0001 0.0001

Ni=1, -1, -1, =-2P,..

“Vibration-rotation interaction corrections only.
“Vibration-rotation interaction and electron-mass corrections.
4Py = U, - I, - I)/-2.

*my = 1.007 825 035 for 'H or 2.014 101 779 for *H.
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1.1606 (7)

1.3122 (7)

119.086 (14)
1.0759 (2)

FIG. 7. Semi-experimental equilibrium structure (rs>F) of ketene with 20 statis-
tical uncertainties from least-squares fitting of the moments of inertia from 16
isotopologues. Distances are in angstroms, and the angle is in degrees.

uncertainties of heavy-atom bond lengths are nearly identical for
HNj; and ketene (0.000 74 for N1-N2; 0.000 75 for N2-N3; and 0.000
69 for C1-C2; 0.000 66 for C1-O). The 20 statistical uncertainty for
the respective X-H bond is also quite similar (0.0003 for HN3 and
0.0002 for ketene). More generally, the bond length accuracy of the
r.>F of ketene is similar to our other works, including heterocyclic
molecules,”” **''! and is of the same order of magnitude for the
accuracy in the angles, with that in ketene being more accurately
determined. This improvement in accuracy is largely due to having
8x more independent moments of inertia than structural parameters
(three bond lengths and one angle) for ketene. Table I'V presents the
r*E structural parameters determined in the complete analysis, as
well as the recommended r,>® structural parameters, which take into
account the limits of precision in their determination. The distinc-
tion between these sets of values is discussed in greater detail in the
next section.
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DISCUSSION

In accordance with previous structure determinations,’’ ™ the
effect of including the available isotopologues in the r.°" structure
is examined using xrefiteration.” Figure 8 shows a plot of para-
meter uncertainty as a function of the number of incorporated
isotopologues and reveals that the total uncertainty and the uncer-
tainty of both the bond distances and bond angle have converged
with the inclusion of the 11th isotopologue. Coincidentally, this is
the same number of isotopologues used in the r.°* determination
published by Guarnieri et al.°® The composition of the set of 11
isotopologues, however, is different in each case. Guarnieri et al.>®
determined the .t with mainly protio- and [2,2-2H]-ketene iso-
topologues, while the first 11 isotopologues utilized by xrefiteration
in the current work include a mix of protio-, [2—2H]—ketene, and
[2,2-*H]-ketene isotopologues. The addition of the five other iso-
topologues beyond the 11th neither decreases nor increases the total
uncertainty, which is similar to the situation observed with HN3%
but unlike the cases of thiophene®” and 1H- and 2H-1,2,3-triazole,*
where the statistical uncertainty increases with the inclusion of the
final isotopologues. Figure 9 shows the structural parameter values
and their uncertainties as a function of the number of ketene iso-
topologues, added in the same order as in Fig. 8. It is evident that the
structural parameters are well-determined with the core set of iso-
topologues because they agree with the respective BTE values. The
addition of further isotopologues, however, decreases the 26 uncer-
tainties for all parameters until the addition of the 11th isotopologue,
similar to Fig. 8. The rc_c and rc-o bond lengths of the current
r.°F are both smaller than the respective BTE values (by 0.0003 and
0.0004 A, respectively), while there is quite close agreement between
the rc_n bond lengths (rec-n — reSEc,H = 0.00004 A). The value of
the bond angle, Oc_c_u, is slightly larger (0.009°) than the BTE value.
Both heavy-atom bond distances of the r. BTE structure are too large
(Fig. 9) relative to their reE parameters, and the observed residuals
are very similar to those we observed in HN3,% 0.000 35 A for the
central rn1-n2 bond and 0.000 41 A for the terminal RN2-N3 bond.
In the structural least-squares fitting from rotational constants, the
most difficult atom to locate is the heavy atom nearest to the cen-
ter of mass, but an error in its location would tend to make one
heavy-atom distance too long and one too short, contrary to the
observations in ketene and HN3. This may suggest that these resid-
ual discrepancies, which are not present in the distances involving H

TABLE IV. Equilibrium structural parameters of ketene. Boldface indicates recommended values.

r B0 Bastetal” 7,5 Guarnieri et al.”®  ,°F thiswork 7. recommended CCSD(T) BTE CCSD(T)/cc-pCV6Z
rc-c (A) 1.312 12 (60) 1.3122 (12) 1.312 18 (69) 1.3122 (7) 1312 58 1.312 00
rCc-H (A) 1.075 76 (14) 1.0763 (2) 1.075 93 (16) 1.0759 (2) 1.075 89 1.075 65
re-o (A) 1.160 30 (58) 1.1607 (12) 1.160 64 (66) 1.1606 (7) 1.160 97 1.160 07
Occ.u (deg) 119.110 (12) 119.115 (22) 119.086 (14) 119.086 (14) 119.077 119.067
Niso' 6 11 16

20 uncertainties calculated based on the uncertainty presented in each work.
®Vibration-rotation corrections calculated at a mixed MP2 and CCSD(T) level.

“Vibration-rotation and electron-mass corrections calculated at the MP2/cc-pVTZ level.

4Number of isotopologues used in the structure determination.

J. Chem. Phys. 158, 244304 (2023); doi: 10.1063/5.0154770
Published under an exclusive license by AIP Publishing

158, 244304-11

€€:¥5'81 €20T dunr 92


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

U5

ARTICLE scitation.org/journalljcp

0.0012
. Total N;, Isotopologue Added
‘ i Core set
0.0010 | « —— Angle |
: 6 [2-H, *0]
7 [2-2H, 2-13C]
0.0008 | 8 [1,2-3C] FIG. 8. Plot of r,5E uncertainty (8reE)
9 [2,2-H, 2-53C] as a function of the number of isotopo-
Lu p 1 logues (Nis,) incorporated into the struc-
“.> 0.0006 10 B0 ture determination dataset for ketene.
«© 11 ['"O] The total relative statistical uncertainty
12 [2,2-2H, 1-3C] (fSr.eSE, blue squares), the relative sta-
0.0004 - er 17 tistical uncertainty in the bond distances
13 (2-*H, 70| (green triangles), and the relative sta-
14 [2,2-2H, 170] tistical uncertainty in the angle (purple
0.0002 - . s [2,2-H] circles) are presented.
e _ Z-ZH, 1-13C
e e e 16 [ |

Y I A I N AN N N S
5 6 7 8 9 10 11 12 13 14 15 16

Number of Isotopologues (Nj,)

atoms, are due to some systematic shift in the BTE distances related
to the heavy atom backbone of these molecules.

A graphical representation of all the structural parameters for
the current 5%, the r.>F by East et al,” the 1 F by Guarnieri
et al.,>® the BTE, and various coupled-cluster calculations with dif-
ferent basis sets is shown in Fig. 10. Upon cursory inspection, it
seems there is excellent agreement among all of the structural para-
meters of the three r.°F structures (Table I'V and Fig. 10), and all are
quoted to similar precision. Because separate sets of discrepancies
are involved with respect to the two previous r.°t structure determi-
nations, we will discuss them separately. The heavy-atom distances
from Guarnieri et al.”® are essentially the same as our own, although

o

Rey /A
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1.074
1.313

R S S o %}{i%{f{

1.311
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Number of Isotopologues (Nig,)

o

with slightly larger 20 uncertainties due to the smaller dataset com-
pared to the present work, and BTE results for both parameters easily
fall within the quoted 20 limit. The agreement for the two para-
meters involving the hydrogen-atom position is not quite as good.
The rc.u bond distance from Guarnieri et al.”® is in disagreement
with our value by slightly more than the combined 20 error esti-
mates, and the BTE value falls well outside their 20 error range. The
angle, 0c.c.n, is, indeed, in agreement with our value within the com-
bined estimated 20 error limits, but the BTE value of this parameter
falls significantly outside their 20 error range. We believe that the
reason for these discrepancies is the impact of untreated coupling
between vibrational states impacting the rotational constants. It is

119.2

S T ST SN T T S 3

119.0 “— T T T T T T T T T T T
6 8 10 12 14 16
Number of Isotopologues (N;,)

o

FIG. 9. Plots of the structural parameters of ketene as a function of the number of isotopologues (Nis,) and their 2o uncertainties. Plots of bond distance use consistent
scales. The colored dashed lines indicate the BTE value. The table in Fig. 8 indicates the xth isotopologue added to the r, S
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FIG. 10. Graphical comparison of the ketene structural parameters with bond dis-
tances in angstroms (A) and angles in degrees (°). Plots of bond distance use
the same scale. Expansions are provided for each parameter in gray boxes. The
statistical uncertainties for all ro°E parameters are 2c.

known that the ground state of ketene at high K, values is affected by
perturbations from low-lying vibrational states. We have chosen to
employ only measurements for K, = 0-5, which removed this prob-
lem. Guarnieri et al.,”® however, used higher K, transitions in their
least-squares fits, which required the inclusion of higher-order cen-
trifugal distortion terms, Ljx and Ljkk. These effective parameters
distort the determined values of Ao from the regression analysis,
which may affect the structural parameters. We tested our conjec-
ture by using our rotational constants for the set of isotopologues
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used by Guarnieri et al.”® and found the resultant structure in essen-
tially complete agreement with our own reSE structure (Table 1V),
which is consistent with the analysis of the structure shown in Fig. 9.
This indicates that the five additional isotopologues that we mea-
sured and included were not required to achieve this improved
accuracy.

The situation with respect to the r.>E structure from East et al.”’
is more straightforward. The bond distances and angles reported
by East et al.”’ are in complete agreement with the current 7,
values. This is somewhat surprising, given that the rotational con-
stants are substantially less precise than the values determined in the
present work and that the Ay constant of [**O]-ketene used by East
et al.”’ and determined experimentally by Brown et al.,”® 287 350
(910) MHz, is clearly too large by about 5 GHz. The values of A for
all heavy-atom isotopologues should be nearly the same because they
depend only on the distance of the hydrogen atoms from the a-axis.
This is confirmed by the data in Table II. The remaining rotational
constants used by East ef al.”” are all similar to those in the present
work. We obtained an r.°F structure using the rotational constants
and vibration-rotation interaction corrections presented in Table
XIV of the East et al.”” work and obtained a structure very closely
resembling the one presented in that work for all parameters. This
is also an interesting outcome, as the vibration-rotation interaction
corrections used in that work are clearly inadequate, as evidenced by
the residual inertial defects presented in their Table XIV*” that vary
in sign and order of magnitude across the six isotopologues. Despite
the inadequacy of the vibration-rotation interaction corrections, the
rgSE structure of East et al.”’ is in excellent agreement with the new
re>F but not quite in agreement with the Oc_c-u value from the r,
BTE structure. These analyses are provided in the supplementary
material and summarized in Tables S-V and S-VI.

The r.°F structure presented in this work, like the previously
reported structures,””" suffers from the impact of untreated Cori-
olis coupling between its ground state and its vibrationally excited
states. Despite this limitation, the 20 statistical uncertainties for
the bond distances and bond angles are quite small (0.0002 to
0.0007 A for the bond distances and 0.014° for the bond angle).
For the bond distances, this statistical uncertainty is approach-
ing the limit of the r.>E structure determination, which requires
the assumption that there is one mass-independent equilibrium
geometry. The mass independence of equilibrium structures is a
tacitly accepted assumption of molecular structure determination
by rotational spectroscopy that is no longer valid as the limits
of accuracy and precision are extended, especially for parameters
involving hydrogen atoms. As a simple test of this assumption, opti-
mized geometries were obtained for ketene and [2,2-*H]-ketene with
and without the diagonal Born-Oppenheimer correction (DBOC;
SCF with the aug-cc-pCVTZ basis set). Of course, the r. structure
obtained from the normal optimization without the DBOC resulted
in the same equilibrium geometry for both isotopologues. With the
DBOC, however, the equilibrium C-D distance decreased relative
to the C-H distance by 0.000 06 A. This value, which is similar to
that obtained for benzene,* suggests that the limit and trustwor-
thiness of the r.>F structure for ketene and other C-H containing
r.>E structures is on the order of 0.0001 A, which is half of the
20 statistical uncertainty of the reSE C-H distance in this work.
As a consequence of these relationships, our recommended values
for the structural parameters of ketene are rc.c = 1.3122 (7) A,
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re-n = 1.0759 (2) A, rc_o = 1.1606 (7) A, and Oc_c-u = 119.086 (14)°,
as shown in Fig. 7 and Table IV.

The C,, symmetry of ketene-h, and ketene-d, allows for two
independent confirmations of the quality of the spectroscopic anal-
ysis and computational corrections, Py, and Aj. A;, for a planar
molecule is zero, as no nuclear mass exists off of the molecular
plane. Any residual inertial defect after correction of the rotational
constants for the vibration-rotation interaction and the electronic
mass distribution potentially reveals room for improvements in the
rotational constants or computational corrections. While all of the
residual A;, values are quite small (Table I11), their non-zero values
demonstrate that further corrections may be possible. Their scatter
reveals an interesting mass dependence. The ketene-d; and ketene-
d; isotopologues have nearly identical inertial defects to four decimal
places (0.0042 or 0.0043 uA?), while the ketene-h, isotopologues
have an average value of (0.0042 uA?) and a range from 0.0037 to
0.0044 uA?. To probe this mass dependence, we determined the Py,
(second moments) value''” for each isotopologue (Table I1I), after
computational corrections were applied to the rotational constants.
To the extent that there is a single, mass-independent equilibrium
geometry of ketene, the Py, value, corrected for the mass of the
hydrogen or deuterium atom in the C,, isotopologues (ketene-,
and ketene-d,), should be the same for all isotopologues because
it is only dependent on the location of the H atoms with respect
to the perpendicular mirror plane. Also shown in Table III are the
Pyp/mp values, which are practically identical for all of the ketene-d,
isotopologues (1.7684 A?). The P, /my values for the protio-ketene
isotopologues show an increased scatter ranging from 1.7687 to
1.7691 A% but have a higher average value as well (1.7689 A?). While
these differences are small, their clear mass dependence leads us
to conclude that we have not completely removed the impact of
untreated Coriolis coupling from the rotational constants. The larger
mass of “H compared to 'H reduces the Ay rotational constant by
roughly a factor of two for the deuterium-containing isotopologues.
The a-axis Coriolis { is unchanged between isotopologues, but the
a-axis Coriolis coupling constants scale with the magnitude of the
Ao rotational constant. It is expected, therefore, that the protio-
ketenes would be subject to a slightly greater impact of untreated
Coriolis coupling, which is consistent with this observation. The
great constancy of the Py,/mp values across all the [2,2—2H]—ketene
isotopologues (vide supra) leads us to believe that the corre-
sponding b-coordinate of the *H-atom [0.940 32 A, determined by
Eq. (3)] is one of the most reliably determined structural parameters

of ketene,
P,
by =+/ 2. 3)
2mH

This assertion is supported by a comparison to its corresponding val-
ues calculated from the internal coordinates in Table I'V: 7,5 = 0.940
25A, 7,62 =0.94017 A, and r. BTE = 0.940 29 A. The very small dif-
ference from the BTE value (0.000 03 A) is particularly notable and
satisfying, The corresponding value for the b-coordinate of the 'H-
atom in ketene is 0.94045 A, which is slightly larger due to some
combination of the true isotopic difference in the rc_y and rcp
equilibrium bond distances and the increased untreated Coriolis
coupling in the protio-ketene isotopologues.
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CONCLUSION

A new, highly precise, and accurate semi-experimental equilib-
rium (r.°%) structure for ketene (H,C=C=0) has been determined
from the rotational spectra of 16 isotopologues. The 20 values for
the r.°F structure of ketene, and also the discrepancies between the
best theoretical estimate (BTE) and the r>E structural parameters,
are strikingly similar to those for the previous r.°" structure of
hydrazoic acid (HNNN).** This outcome is noteworthy, although
perhaps not surprising, given (i) the structural similarity between
the two species and (ii) the highly over-determined datasets, which
are a consequence of the large number of isotopologues relative to
the number of structural parameters. In both cases, we found that
extrapolation to the complete basis set limit provided slightly better
agreement with the ,°® structure when the highest level calculation
included in the extrapolation was CCSD(T)/cc-pCV6Z, as opposed
to CCSD(T)/cc-pCV5Z. It is somewhat surprising that the high
accuracy of the ketene structure did not require the full dataset from
16 isotopologues. The uncertainties in the structural parameters did
not improve with the inclusion of the “last” five isotopologues in the
xrefiteration analysis. This case stands in contrast to other molecules
that we have studied, in which quite large numbers of isotopologues
are required for convergence of the r,°" parameters.””**"" Previ-
ous studies were steering us toward a generalization that “more is
better” with respect to the number of isotopologues used in a struc-
ture determination, but the current case provides a counterexample.
In the current case, the extra isotopologues do not degrade the qual-
ity of the structure, but they do not improve it. The current state of
understanding of r.*® structure determination does not enable a pre-
diction of the number of isotopologues that will be required for the
statistical uncertainties of the structural parameters to converge.

The present work confirms the great utility of the BTE struc-
ture as a benchmark for the semi-experimental structures. Although
both of the published reSF structures for ketene, to which we have
compared our own results, are generally in excellent agreement
with the present work, the comparison to the BTE structure clearly
establishes that the present approach of limiting the dataset to
low K, values (0-5) improved the results for a molecule in which
perturbations of the ground state exist. There need to be further
investigations of why the BTE structure predicts heavy-atom bond
distances that are longer than the r.® structure when all of the other
structural parameters agree so well. The BTE values for the heavy-
atom distances do not fall outside the 20 statistical uncertainty of
the res’E values, but the small differences between BTE and res'E val-
ues have now been observed in both ketene and HN3. The general
applicability to similar molecules and the origin of the effect merit
additional study.

The current studies enhance the capability for radioas-
tronomers to search for ketene in different extraterrestrial envi-
ronments by extending the measured frequency range of ketene
to 750 GHz as well as providing data for newly measured iso-
topologues, [2—2H, 1—13C]—ketene, [2—2H, 2—13C]—ketene, [Z-ZH, 18O]—
ketene, [2-2H, O]-ketene, and [2,2->H, O]-ketene. These new
data will also be valuable for identifying these species in labora-
tory experiments, e.g., electric discharge, pyrolysis, and photolysis.
Finally, these spectra contain a great many transitions from vibra-
tionally excited states, which should prove valuable in analyzing and
quantifying the numerous perturbations that exist between these
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low-lying vibrational states. We hope to pursue this topic in the
future.

SUPPLEMENTARY MATERIAL

Computational output files, least-squares fitting for all iso-
topologues, data distribution plots for all non-standard isotopo-
logues, xrefiteration outputs, equations used for calculating deter-
minable constants and BTE corrections, and tables of S-reduction,
A-reduction, and determinable constants, structural parameters,
inertial defects, BTE corrections, and synthetic details are provided
in the supplementary material.
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