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ABSTRACT

The gas-phase rotational spectrum from 8 to 750 GHz and the high-resolution infrared (IR) spectrum of pyridazine (0-C4H4N;) have been
analyzed for the ground and four lowest-energy vibrationally excited states. A combined global fit of the rotational and IR data has been
obtained using a sextic, centrifugally distorted-rotor Hamiltonian with Coriolis coupling between appropriate states. Coriolis coupling has
been addressed in the two lowest-energy coupled dyads (vis, Vi3 and vas, Vo). Utilizing the Coriolis coupling between the vibrational states
of each dyad and the analysis of the IR spectrum for vis and vo, we have determined precise band origins for each of these fundamental
states: vig (B1) = 361.2132927 (17) cm ™, vi3 (Az) = 361.284 0824 (17) cm™, v4 (B;) = 618.969 096 (26) cm™", and vy (A;) = 664.723 378 4
(27) cm™". Notably, the energy separation in the vi-v3 Coriolis-coupled dyad is one of the smallest spectroscopically measured energy sepa-
rations between vibrational states: 2122.222 (72) MHz or 0.070 789 7 (24) cm™". Despite vi3 being IR inactive and v,4 having an impractically
low-intensity IR intensity, the band origins of all four vibrational states were measured, showcasing the power of combining the data provided
by millimeter-wave and high-resolution IR spectra. Additionally, the spectra of pyridazine-d, isotopologues generated for a previous semi-
experimental equilibrium structure (r.°*) determination allowed us to analyze the two lowest-energy vibrational states of pyridazine for all
nine pyridazine-d; isotopologues. Coriolis-coupling terms have been measured for analogous vibrational states across seven isotopologues,
both enabling their comparison and providing a new benchmark for computational chemistry.
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INTRODUCTION

The rotational spectrum of pyridazine (0-C4HsN;, Cyy, ),
the ortho-dinitrogen analog of benzene, has been studied in four
previous studies. It was first investigated by Werner et al.’ in 1967
from 9 to 33 GHz. That study determined the rotational, quartic
centrifugal distortion, and nuclear quadrupole coupling constants
of the ground vibrational state, as well as the dipole moment [y
= 4.22 (6) D] via the Stark effect. The microwave spectrum from
9 to 15 GHz was reinvestigated by Lopez et al.” in 2001, refining

the rotational and nuclear quadrupole spectroscopic constants. We
provided the first millimeter-wave spectroscopy of pyridazine from
235 to 360 GHz,” which was later extended to cover the frequency
range from 130 to 375 GHz." The current work extends the mea-
sured spectral range of the ground vibrational state of pyridazine
up to 750 GHz, covering a large portion of the frequency range
of available radiotelescopes. Like that for many other heteroaro-
matic compounds,”  the search for pyridazine in the interstellar
medium (ISM) has been unsuccessful.” The detection of any hetero-
cyclic aromatic species or their isomers, anions, cations, or radicals,
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FIG. 1. (a) Pyridazine (0-C4HsNy, Cay, 4a = 4.22 D, x = 0.824) with principal axes and atom numbering. (b) Semi-experimental equilibrium structure (ro°E) with 25 statistical

uncertainties.*

has the potential to provide substantial insight into the chemistry
of the ISM.

A partial substitution structure (rs) of pyridazine was first
determined by Werner et al.' from four isotopologues, providing
the positions of the ring atoms. In the intervening time, substantial
improvements have been made in the ability to determine molecular
structures. In work pioneered by Boggs and co-workers for the struc-
ture of methane in 1978,'” the differences between the observable
rotational constants (By) and the equilibrium rotational constants
(Be) have been addressed, and the semi-experimental equilibrium
structures (r.°F) for many molecules have been determined.””'° The
first r.°" structure of pyridazine was reported by Esselman et al.’
using 14 isotopologues. Recently, a new level of agreement has been
achieved between experiment and theory for the r, and reSE struc-
tures of several molecules,”” ** including pyridazine.” The current
best r.°" structure of pyridazine, using 18 isotopologues measured
up to 375 GHz, is reproduced in Fig. | with the principal axes
indicated. The highly accurate structural parameters are determined
with precisions (20) of at least 0.001 A for bond distances and 0.04°
for bond angles. All of the r,°* structural parameters are in agree-
ment with a high-level theoretical prediction using coupled-cluster
calculations, a quintuple-zeta basis set, and additional corrections.

The low-resolution infrared (IR)** >’ and Raman spectraz“r‘)’
of pyridazine have been studied previously for the normal and
several deuterated isotopologues, though the assignments of the
vibrational spectra currently in the literature are not consistent for
the lowest-energy vibrational states. The rotational spectra of the
six lowest-energy fundamental states (<800 cm ™) of the normal
isotopologue of pyridazine were previously reported with effec-
tive least-squares fits from 235 to 360 GHz.” The first gas-phase
IR and Raman measurements were reported by Ozono et al,”
who attempted to assign the complete spectrum of pyridazine and
pyridazine-d,. Pyridazine is a C,, molecule with 24 vibrational
modes of A, A;, Bi, and B, symmetries. The A;-symmetry modes
have an IR intensity of zero, but can be observed in the Raman spec-
trum. Using Raman spectroscopy, Ozono et al.”’” tentatively assigned
the two lowest-energy vibrational modes: vi3 (A,, 363 cm™, lig-
uid) and vi¢ (By, 372 cm™}, vapor). The assignment of vis was

supported by the c-type IR spectrum, consistent with a vibration of
B; symmetry. That work contradicted the previous assignment of
vi3 to an absorption at 410 cm™'.2° Ozono et al. also assigned vo
(A1) and vz4 (B;) to two IR bands at 632 and 663 cm”l, respec-
tively. All four of these IR assignments were later supported by
Billes et al.,”® but contradicted by Vazquez et al.,”” who were able
to resolve the a-type IR spectral features of vy in the gas phase
and assign it to a mode with A; symmetry. With the symmetry
inferred from their spectral features, the vo4 (B, 622 cm™, liquid)
and vy (A;, 665 cm”}, vapor) modes were definitively assigned.”’
The assignment of these four lowest-energy vibrational modes by
Vézquez et al.”’ is in reasonable agreement with the CCSD(T)/cc-
pCVTZ anharmonic frequency calculations for pyridazine provided
by Owen et al.,* which placed the vibrational modes vi3 (Az), vie
(B1), v24 (B2), and vy (A}), at 363, 368, 615, and 663 cm ™! respec-
tively. At higher energy, the next three vibrational modes are the
two-quanta states associated with vi3 and v, which were observed
in the spectrum previously,” but an analysis of these states (2vi3, Vi3
+ V16, and 2vi¢) has not been reported. The vibrational frequencies
of these three states are expected to be in the vicinity of v;s, from 738
to 747 cm ™', based upon the intensities of their rotational transitions
and theoretical estimates.”

Vibrational states vi2 (Az) and vi5 (By) are predicted to be very
close in energy, but only v;5 is visible in the IR spectrum. Billes
et al.”® reported an intense c-type IR band centered at 745 cm ™, con-
sistent with the B; symmetry of vis, which is supported by Vazquez
et al.,”” who reported a partially resolved, intense c-type band rang-
ing from 733 to 760 cm™'. The frequency of this band is slightly
overestimated at 751 cm™! by CCSD(T) calculations.” The other
vibrational mode, v;,, may be the weak Raman-active mode reported
by Vézquez et al.”” at 754 cm™" in the liquid phase. An additional
intense c-type IR mode, reported by Billes et al.”* at 785 cm™, was
not observed in any of the other works” *"*” and does not corre-
spond to the computed frequency of any IR-active mode.”” " Tt is
likely that this absorption is not from pyridazine, arising from an
impurity in the sample or misidentification during data analysis.

While vibrationally excited states viz, Vie, Va4, Vo, V15, and
vi2 were previously treated by single-state Hamiltonian models,
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FIG. 2. Vibrational energy levels of pyridazine below 1000 cm~" using experimental values for v13, v1s, v24, and vg and computed fundamental frequencies [CCSD(T)/cc-
pCVTZ] for v45, v12, V11, V14, and vg. Combination and overtone state energies are extrapolated from the corresponding experimental fundamental frequencies.

generating effective rotational constants,’ the energy-level diagram
(Fig. 2) shows that these states are sufficiently close in energy that
complex coupling interactions are expected. Indeed, the previous
study noted some clearly perturbed rotational transitions,” which
were excluded from their least-squares fits to obtain rotational
and diagonal centrifugal distortion constants that were physically
reasonable. Many perturbed transitions may be impacting the spec-
troscopic constants presented in that work. The current work strives
to address the assignment and frequency ambiguities of the previous
IR work and to address the Coriolis coupling neglected in the previ-
ous rotational spectroscopy work by incorporating high-resolution
IR data from the Canadian Light Source (CLS), extending the rota-
tional spectral coverage up to 750 GHz, and utilizing Hamiltonians
that include Coriolis coupling. Due to the complex coupling between
Vi2, Vis, and the two-quanta vibrational states, an analysis of these
states is reserved for future work.

While many works, including every structure determination
using rotational spectroscopy, have explored the isotopic depen-
dence of the rotational constants, it has been far less common to
explore the impact of isotopic substitution on the vibration-rotation
interaction or Coriolis coupling. Several previous works have
explored the impact of halogen substitution’ ™ and deuterium
substitution’*® on the vibration—rotation interaction constants, in
part due to the ready availability of halogen isotopes at natural abun-
dance or the relative ease of H/D exchange by chemical synthesis. Far
fewer studies have looked at the impact of isotopic substitution on
the Coriolis coupling between vibrational states.”* The availability
of spectra from deuteriated pyridazine samples obtained previously”
provides the opportunity to compare the isotopic dependence on the
vibrational energy separations between states, the vibration-rotation

interaction constants, and the Coriolis coupling between analogous
states, all of which are provided below.

EXPERIMENTAL METHODS
Rotational spectroscopy

A commercial sample of pyridazine was used without further
purification. Using a millimeter-wave spectrometer that has been
previously described,””""” the rotational spectrum of the normal iso-
topologue of pyridazine was collected from 130 to 230 and from 235
to 360 GHz in a continuous flow at room temperature with a sam-
ple pressure of 4 mTorr.” Additionally, spectral data were obtained
with a newly acquired amplification and multiplication chain that
extended the frequency range to 750 GHz, with measurements made
at a sample pressure of 15 mTorr. The complete spectrum from 130
to 750 GHz was obtained using automated data collection software
over approximately two weeks given these experimental parameters:
0.6 MHz/s sweep rate, 10 ms time constant, and 50 kHz AM and
500 kHz FM modulation in a tone-burst design. Additional data
in the 8-18 GHz frequency range were collected for the normal
isotopologue of pyridazine using a modified waveguide Fourier-
transform microwave spectrometer'’ that was originally constructed
in the Kiel laboratory,“‘42 relocated to Warsaw, and subjected to
several further modifications.””*’ The spectra of deuteriated pyri-
dazines used in this work were obtained from 250 to 360 GHz and
described in our previous works.”* A uniform frequency measure-
ment uncertainty of 0.050 MHz was assumed for all measurements
from Madison and 0.010 MHz from Warsaw spectrometers.
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FIG. 3. Predicted rotational spectrum of the ground vibrational state of pyridazine at 292 K.

High-resolution infrared spectroscopy

High-resolution infrared data presented in this work were
recorded at the Canadian Light Source (CLS) Synchrotron Far-
IR beamline (2020) using a Bruker IFS 125HR spectrometer with
synchrotron radiation and a 9.4-m optical path length difference,
providing a nominal resolution of 0.00096 cm™'. The cell is a
2-m, White-type multi-pass cell; the total path length is 72 m. Spec-
tra were collected at room temperature at a series of pressures for the
analysis of various vibrational states, which have substantially differ-
ent infrared intensities. In the range from 400 to 1200 cm™, spectra
were collected at 0.01, 0.045, and 0.071 Torr using a KBr beam-
splitter, KBr cell windows, and a Ge:Cu detector housed in a QMC
cryogen-free cryostat (cooled by a Cryomech pulsed-tube cooler).
The aperture was 1.15 mm and the preamplifier gain of the detector
was set to 6x. In the range from 30 to 600 cm™", spectra were col-
lected at 0.0045 and 0.051 Torr using a 6-micron Mylar beamsplitter,
50-micron polypropylene cell windows, and a superconducting nio-
bium TES bolometer detector. The aperture was 1.5 mm and the
preamplifier gain of the detector was set to 6x. A uniform frequency
measurement uncertainty of 0.000 18 cm™! (~6 MHz) was assumed
for all infrared measurements.

Spectral analysis

The separate spectral segments were combined into a sin-
gle broadband spectrum using the Assignment and Analysis of
Broadband Spectra (AABS) software.”""” Pickett’s SPFIT/SPCAT
programs’® were used for least-squares fits and spectral predictions,
along with PIFORM, PLANM, and AC programs for analysis."”*’
In both the vibrational ground and excited states, partially resolved
hyperfine splitting was observed. An empirical model was employed
to find the hyperfine-removed frequency center. For microwave
data, these frequencies were derived by effectively fitting each hyper-
fine pattern, then calculating the central frequency of those tran-
sitions. For millimeter-wave data, the correction was based on the
frequencies of the two strongest transitions.

COMPUTATIONAL METHODS

Quantum chemistry computations were carried out using a
development version of CFOUR.* Following the optimization of
pyridazine using coupled-cluster calculations with single, double,
and perturbative triple exictations [CCSD(T)/cc-pCVTZ], harmonic
vibrational frequency calculations were carried out for each isotopo-
logue. An anharmonic vibrational frequency calculation was carried
out for the normal isotopologue, previously.* All vibrational fre-
quency calculations were performed using second-order vibrational
perturbation theory (VPT2), wherein cubic force constants are eval-
uated by numerical differentiation of analytic first derivatives at
displaced points.” ** Computational output files can be found in the
supplementary material.

ANALYSIS OF PYRIDAZINE ROTATIONAL SPECTRUM
Pyridazine, ground vibrational state

The rotational spectrum of pyridazine from 130 to 750 GHz
covers the frequency range of its most intense transitions at ambi-
ent conditions. As shown in Fig. 3, the peak intensity for pyri-
dazine transitions occurs around 350 GHz, but the spectral intensity
remains strong through 750 GHz. This frequency range allows tran-
sitions to be measured for J” values up to 110 for the ground
vibrational state, exceeding the maximum J” value of the previous
work, which only observed transitions up to ]’ = 56.°

The rotational spectrum of pyridazine in the observed fre-
quency range is dominated by a-type R-branch transitions, which
form typical oblate-top band structures. These bands comprise
degenerate K, = 0" and 1~ transitions that decrease in ] value as
they progress away from the bandhead. At moderate K, these tran-
sitions lose degeneracy, forming doublets of “Ry,; transitions. For
bands at lower frequency, these transitions progress with decreas-
ing J immediately toward higher frequency, as shown in Fig. 4, but
for higher-frequency bands, these transitions progress in the reverse
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FIG. 4. Experimental rotational spectrum (bottom) of pyridazine from 179.5 to 180.4 GHz and stick spectra (top) from experimental spectroscopic constants with the ground
state (black), v (purple), v43 (green), vo4 (red), and vg (blue). Unlabeled transitions are attributed to higher-energy vibrationally excited states and heavy-atom isotopologues.
The inset in the top-right corner shows an expansion of the 179.915-180.065 GHz region for improved visualization of the v4g and v43 band structures.

direction before turning around and continuing toward higher fre-
quency. Each of the R branches is accompanied by a Q branch where
the transitions have K" = J”" of the lead R-branch transition.

Over 6200 transitions were assigned, measured, and least-
squares fit for the vibrational ground state of pyridazine. Including
transitions from previous works,”’ the dataset consists of R- and
Q-branch transitions with J”" = 0-109 and K, = 0-67. The dataset
distribution plot is provided in Fig. 5, illustrating this broad spectro-
scopic coverage. There are a few notable ] and K,,” regions where
no or very few transitions are measurable. The diagonal gaps in
the R-branch and Q-branch plots are due to gaps in the spectro-
scopic coverage, while the vertical gaps at low K,” are due to the
congestion of many overlapping transitions in the bandhead region.

T T T

IR—brlanclll ] d—brlalncﬁ ]

pyridazine ]
g.s.
|

pyridazine ]
..
L

I Luul o

FIG. 5. Data distribution plot for the least-squares fit of spectroscopic data for the
vibrational ground state of pyridazine. The size of the outlined circle is propor-
tional to the value of |(fups. — falc )/8f|, Where 8f is the frequency measurement
uncertainty, and none of the quotient values are equal to or greater than three.
The previously reported transitions appear in blue (Werner et al.) and green
(Lopez et al.2).

These gaps are particularly prominent at moderate-to-high ranges
of J”, where the bands have multiple turnarounds in their progres-
sion. None of these “missing” transitions is due to an untreated
coupling with the vibrationally excited states or other systematic
errors in the least-squares fit. The transitions are simply unresolv-
able due to the coincidental overlap of multiple transitions. The
transitions included in this work display a partially resolvable hyper-
fine structure arising from the nuclear quadrupole coupling of each
nitrogen atom, as observed previously for low-J transitions in the
work of Lopez et al.” The transitions have been modeled using A-
and S-reduced, sextic, distorted-rotor Hamiltonians in the I" and
ur representations using SPFIT. The spectroscopic constants in the
A reduction, I" representation and S-reduction, III" representation
(converted from HIl) least-squares fits are provided in Table I, along
with their corresponding computed values [CCSD(T)/cc-pCVTZ].
All spectroscopic constants were adequately determined through the
sextic level of centrifugal distortion.

Although the IIT' representation available in SPFIT is nom-
inally for oblate-top molecules, it was not used here with the A
reduction due to its inability to adequately model over 220 cor-
rectly assigned R-branch transitions with high K, and low K.. These
transitions were well-modeled by changing the reduction or repre-
sentation used for the Hamiltonian, where both least-squares fits had
o values of 30 kHz. The breakdown of the A-reduction Hamilto-
nian is well known for extremely oblate tops, but was not anticipated
in this case, where the value of x for pyridazine is only 0.8235."”
While the information content in these 220 transitions is likely
minor relative to the size of the dataset, rather than exclude them,
we have used the established method of changing representation to
avoid the breakdown of the A reduction.”””" The least-squares fit-
ting output files used, corresponding to Table I, as well as the A
reduction, III' representation, can be found in the supplementary
material.
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TABLE . Experimental and computational spectroscopic constants for the ground vibrational state of pyridazine (A- and S-reduced Hamiltonians, I” and IlI" representations,

respectively).
A reduction, I representation S reduction, III" representation

Experimental CCSD(T)™* Experimentalb CCSD(T)™*
Ao (MHz) 6242.950982 (24) 6223 Ao (MHz) 6242.951901 (24) 6223
By (MHz) 5961.094 866 (22) 5923 By (MHz) 5961.093 601 (22) 5923
Co (MHz) 3048.714 434 (23) 3034 Co (MHz) 3048.714709 (23) 3034
A; (kHz) 0.7574990 (55) 0.7378 Dy (kHz) 1.474509 3 (64) 1.453
Ak (kHz) -0.135316 (16) -0.09171 Djk (kHz) —2.449 537 (12) -2.413
A (kHz) 0.829 021 (20) 0.7890 Dk (kHz) 1.1009900 (78) 1.083
8 (kHz) 03157705 (23) 03075 dy (kHz) ~0.0155384 (44) ~0.020 56
Ok (kHz) 0.6827534 (73) 0.6840 d, (kHz) 0.0271995 (20) 0.029 38
@y (Hz) 0.00033007 (58) 0.0003184 Hj (Hz) 0.000 68577 (63) 0.0007499
Oy (Hz) -0.0001341 (33) —-0.0000549 Hjk (Hz) —0.002 690 8 (19) -0.003081
@y (Hz) -0.0012168 (78) -0.001 239 Hgy (Hz) 0.0033241 (23) 0.003 615
Ok (Hz) 0.0015662 (62) 0.001470 Hg (Hz) -0.0013188 (11) —0.001284
¢7 (Hz) 0.000 16495 (28) 0.000 1592 h; (Hz) -0.000003 89 (95) —-0.0000080
¢ (Hz) 0.000267 4 (18) 0.0002953 h, (Hz) —-0.00004303 (65) -0.0000919
¢k (Hz) 0.0014805 (23) 0.0014732 h; (Hz) —0.000 025 80 (16) —-0.000027 4
A (uA?)>d 0.036 402 (1) 0.355 A (uA?)>d 0.036381 (1) 0.355
x 0.8235 0.812 « 0.8235 0.812
Nlinesc 6285 I\]linesU 6285
o5 (MHz) 0.030 o5 (MHz) 0.030

*Evaluated with the cc-pCVTZ basis set.
"Converted from IIT' in the SPFIT output to ITT".
“Inertial defect, A; = I, — I, — I,.

dCalculated using PLANM from the By constants.
“Number of fitted transition frequencies.

The spectroscopic constants provided in Table I show the
expected agreement between the computed and experimental values
for both the A and S reductions. The rotational constants are com-
puted at the CCSD(T)/cc-pCVTZ level to be within 0.3%, 0.6%, and
0.5% of the experimental Ao, By, and Cy values, respectively. The
computed quartic centrifugal distortion constants are in generally
good agreement with the experimental values (within 10%), but in
each reduction, one of the computed values (Ax and d;) differs by
over 30%. The situation is similar for the sextic centrifugal distortion
constants, where most of the constants are in generally good agree-
ment (<10% difference), but in each reduction, one of the constants
differs substantially, @jx (52%) and h (100%), in the A- and S-
reduction fits, respectively. Despite these deviations of the computed
values from the experimental ones, the computed spectroscopic con-
stants are adequate for the initial identification of low-K, transitions
in the pyridazine spectrum, even if no previous experimental data
were available. The A-reduction constants in the I" representation
are used in the analysis of the high-resolution infrared spectrum and
the rotational spectra of the vibrationally excited states that follow.

Pyridazine, v;¢ and v;3

The two lowest-energy vibrationally excited states of pyridazine
(vi6, B1 and vi3, Az) form a Coriolis-coupled dyad. Both of these

vibrational states are out-of-plane distortions of the aromatic ring,
as depicted previously’ and in Fig. 6. Their transitions are read-
ily visible in Fig. 4, with the closely spaced R-branch transitions in
purple and green appearing at a slightly higher frequency than the
ground-state transitions, and progressing toward the ground-state
R-branch before turning around and progressing to a higher fre-
quency. Initial attempts to adequately model these transitions using

(@) Vi B, (361 cm™) 1\

(b) Vi3, Ay (361 cm™)

v

(€) vy, B, (619 em™) Vo, A; (665 cm™)

‘{E&*C}

FIG. 6. Vibrational motions of the four lowest-energy vibrationally excited states of
pyridazine: (a) v1g, (b) v43, (C) vos, and (d) vg
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only rotational data in single-state, distorted-rotor models were
unsuccessful, though effective rotational constants were provided in
the previous work.” A two-state, Coriolis-coupled, sextic distorted-
rotor Hamiltonian was employed to model the transitions of these
two vibrationally excited states, including rotationally resolved
infrared transitions of vis. To incorporate the high-resolution IR
data, a global fit was obtained that included the ground vibrational
state and the higher-energy Coriolis-coupled dyad of v24 and ve. The
final dataset, which includes over 4500 rotational transitions of vie
and vi3, and over 2600 infrared transitions of vy, affords a satisfac-
tory least-squares fit with low statistical error (o5 ror = 0.037 MHz
for both vis and vi3 and o5 ;g = 1.943 MHz). The spectroscopic con-
stants of vi3 and vy are provided in Table I1, alongside constants for
the other vibrational states of the global fit.

Due to the incorporation of infrared data and, as a result,
the correlation between the ground- and excited-state spectroscopic
constants, the ground-state constants presented in Table II are
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slightly, but not significantly, different from those presented in
Table 1. Spectroscopic constants that could not be determined for the
vibrationally excited states were held constant at their corresponding
values from Table I. The change from ground to vis and vi3 rota-
tional constants is within 0.1%, and all of the quartic centrifugal dis-
tortion constants are within 5% of the corresponding ground-state
values. Such small changes suggest that the excited-state constants
are physically meaningful and have absorbed minimal perturba-
tion, if any. The sextic centrifugal distortion constants show a larger
relative change, as might be expected. All of the sextic values are
within 6% of the corresponding ground-state values for vi6, with the
exception of @jk. Py for this state differs from the corresponding
ground-state value by ~45%. For vi3, three terms differ from their
ground-state values by more than 5%: @k (135%), @y (26%), and
¢k (27%). Although these differences stand out from those of the
other centrifugal distortion constants, the values of @x; and ¢k are
likely to be physically meaningful, as they do not correspond to a

TABLE II. Experimental spectroscopic constants for the ground state and vibrationally excited states of pyridazine (A-reduced Hamiltonian, I” representation).

Ground state” vi6 (B1, 368 cm™)° vi3 (As, 364 cm™)° vas (B, 615 cm™)P vo (A1, 664 cm™)”

210212 ¥20T Aen gL

A, (MHz) 6242.950 961 (29) 6236.126 289 (37) 6240.685 467 (36) 6245.821 84 (16) 6233.59575 (18)
B, (MHz) 5961.094 847 (26) 5961.592 575 (32) 5956.438 468 (31) 5956.682 05 (18) 5963.910 13 (16)
C, (MHz) 3048.714411 (28) 3052.181 778 (24) 3052.128 443 (25) 3047.309 (69) 3046.565 (69)

4y (kHz) 0.757 4954 (66) 0.760176 (11) 0.757 606 1 (98) 0.754 939 (23) 0.762 526 (17)
Ak (kHz) ~0.135312 (19) ~0.130743 (39) ~0.138 769 (35) ~0.144 59 (13) ~0.143 86 (15)
Ax (kHz) 0.829012 (25) 0.813618 (49) 0.838 494 (51) 0.84823 (13) 0.807 30 (15)
8y (kHz) 0.3157702 (28) 0.3164991 (51) 0.3151879 (46) 0.314 767 (16) 0.317730 (15)
8k (kHz) 0.6827527 (89) 0.682 550 (15) 0.675079 (15) 0.721368 (41) 0.635975 (48)
@) (Hz) 0.000329 87 (71) 0.0003277 (20) 0.0003230 (16) 0.0003515 (31) 0.000256 1 (33)
Ok (Hz) ~0.000 1334 (40) ~0.000073 (11) ~0.000314 (10) [~0.000 134 1]° [-0.000 134 1]°
Oy (Hz) ~0.0012179 (95) ~0.001 209 (22) ~0.000 898 (23) ~0.004 795 (44) 0.002 285 (53)
Ok (Hz) 0.0015655 (75) 0.001 485 (14) 0.001 492 (16) 0.005771 (43) ~0.002 498 (62)
¢; (Hz) 0.000 164 92 (34) 0.000 16279 (98) 0.000 162 16 (77) 0.000 1754 (15) 0.000 127 5 (16)
¢y (Hz) 0.0002675 (22) 0.0002750 (49) 0.0001953 (51) (0.000 267 4]° [0.000 267 4]°

¢ (Hz) 0.0014805 (28) 0.0015499 (52) 0.0014179 (58) 0.002217 (13) 0.000 668 (21)
E (MHz) 10828 902.088 (51) 10831 024.310 (51) 18556 226.68 (78) 19927 905.550 (82)
E(m™) 3612132927 (17) 361.2840824 (17) 618.969 096 (26) 664.723 378 4 (27)
G. (MHz) 1.97121 (80) 3811 (12)

F,, (MHz) ~3.66753 (12) 2.166 (26)

F,,’ (MHz) 0.000016 84 (18) —0.0001958 (28)

FX (MHz) —0.000 00891 (21) ~0.000 191 76 (92)

A; (uA?®)! 0.036403 (2) -0.233428 (2) ~0.244 683 (2) 0.0872 (38) 0.0719 (38)
Niines ROT® 6264 4533 4619 3248 2771

Niines IR® 3603 2646 957

o ROT (MHz) 0.031 0.037 0.037 0.044 0.047

o5 IR (MHz) 1.943 1.985

*Spectroscopic constants differ slightly from the single-state constants presented in Table [; see text.

®Fundamental frequencies calculated using CCSD(T)/cc-pCVTZ. Color-coding designates the type of vibrational motion (see Fig. 6) and not the vibrational state label.
“Value held constant at ground-state value from Table 1.

dInertial defect, Aj =1, — I, — I,. Calculated using PLANM from the B, constants.

“Number of fitted transition frequencies.
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similar behavior in vi6. The somewhat large and opposite-direction
changes in the @jx values more likely indicate some absorption of
coupling into these terms. The best means to draw a conclusion as to
whether these terms have inappropriately absorbed coupling, how-
ever, would be to compare them to computed constants (not readily
available by any software). The energy separation determined by the
coupling analysis is very small [2122.222 (72) MHz or 0.070789 7
(24) cm_l] and, importantly, indicates that vis and vi3 are in the
opposite order than that predicted by CCSD(T)/cc-pCVTZ, i.e., vis
is actually lower in energy than vi3.

The computed changes in the rotational constants (By - B,)
for vie and vi3 at the CCSD(T)/cc-pCVTZ level are in very close
agreement with their corresponding experimental values, better
than often seen for a Coriolis-coupled dyad of vibrational states
(Table I11).”>"° This close agreement provides confidence both that
the experimental values are physically meaningful and that the com-
puted geometry and force constants are accurately predicted at the
theoretical level. In part, the close agreement of the experimental
and computed values is a consequence of the vibrational motions
of vis and vi3. While the symmetries of these two vibrational states
allow c-axis coupling, the out-of-plane motions of vi3 (Az) and vie
(B1) for this planar molecule do not result in a typical G, con-
stant that arises from a corresponding Coriolis ({) constant (vide
infra). For these fundamental states, the c-axis Coriolis { value is
equal to zero. This circumstance has been observed for other pla-
nar molecules with coupled, out-of-plane modes, e.g., vi4 (B2) and
vi1(A;) of furan.”””® The c-axis Coriolis constant used in the two

ARTICLE pubs.aip.org/aipl/jcp

previous works on furan, F,, (labeled G, and Ccorr in those works,
respectively), was able to adequately model the interaction between
these analogous vibrationally excited states when combined with
their centrifugal distortion terms.”””® While a G, value was used for
pyridazine, it is relatively small and results from higher-order con-
tributions to the Coriolis-coupling coefficient than accounted for in
the { constant. Given the small value of the G, constant, it is not sur-
prising that the experimental and computed By-B, constants appear
to be unperturbed and are largely free of the effects of unaddressed
Coriolis coupling. This analysis is supported by the close agreement
between the experimental vibration-rotation interaction constants
from the previous work, where noticeably perturbed transitions were
excluded to obtain effective least-squares fits, and those from this
work, where the Coriolis coupling was explicitly treated.

The very small energy difference between vi3 and vig, only
0.0707897 (24) cm™, makes it a priori very likely that the energy
levels of these states will mix and prevent these states from being
reasonably treated with a single-state Hamiltonian. This energy
gap can be determined only from the rotational data, since vi3
has no infrared intensity. Neither band origin, however, is deter-
minable without the observation of rotationally resolved infrared
transitions of vis, since neither state is coupled to the ground
state. The final fit included a few transitions associated with small
resonances and many transitions impacted by the Coriolis coupling,
but the high-quality determination of the energy gap and spectro-
scopic constants for these states can be attributed to the inclusion
of nearly 150 nominal interstate transitions. These transitions occur

TABLE lIl. Vibration—rotation interaction and Coriolis-coupling constants of pyridazine dyads.”

Experimental Experimental
(this work) CCSD(T)"* obs.—calc. (previous work)®

Ao-A1s (MHz) 6.824672 (47) 6.93 -0.10 6.8230 (69)
Bo-Bis (MHz) ~0.497728 (41) -0.52 0.02 ~0.494 6 (63)
Co-Cis (MHz) ~3.467 367 (37) -3.40 -0.07 ~3.466 28 (31)
Ao-Ay3 (MHz) 2.265 494 (46) 2.26 0.01 2.084 5 (90)
Bo-B13 (MHz) 4.656 379 (40) 4.58 0.08 4.8221 (80)
Co-C13 (MHz) ~3.414032 (38) -3.40 -0.02 ~3.41519 (33)
Ao-Ass (MHz) ~2.87088 (18) -3.15 0.28 ~2.87790 (64)
Bo-Bas (MHz) 4.41280 (20) 4.18 0.23 442037 (57)
Co-Cas (MHz) 1.405 (69) 11.09 -9.69 11.993 62 (28)
Ao-Ag (MHz) 9.35521 (18) 10.04 ~0.689 9.34497 (30)
Bo-By (MHz) -2.81528 (16) -3.05 0.23 ~2.807 07 (30)
Co-Cy (MHz) 2.149 (69) ~7.59 9.73 -8.4384 (22)
(Ao=Aa) HAA) (MHz) 3.242 17 (24) 3.45 -0.20 3.23353 (71)
BoBou)t(Bo=B) () 0.798 76 (24) 0.57 0.23 0.806 65 (65)
(C-C)HG-G) (MHz)  1.78(10) 1.75 0.02 17776 (22)
G40l ~0.6322 (39) -0.620 -0.01

*Color-coding designates the type of vibrational motion (see Fig.

"Evaluated with the cc-pCVTZ basis set.

6) and not the vibrational state label.
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FIG. 7. Predicted stick spectrum of v15 (purple, top) and the experimental high-resolution infrared spectrum (bottom) of pyridazine from 330 to 390 cm—".

between highly mixed rotational energy levels and allow for nor-
mally forbidden transitions with simultaneous change of rotational
and vibrational quantum number to occur. The Coriolis coupling
between vi6 and vi3 and the high-resolution infrared analysis of vis
allow the energy of vi3 to be accurately and precisely determined
[361.2840824 (17) cm™!] despite the fact that vz is not directly
observed in the infrared or Raman spectra. Our analysis confirms the
assignment of vi3 (A2, 363 cm”l, liquid) by Ozono et al.”’ and not
the value at 410 cm™".2° The gas-phase band origins of vis reported
by Ozono et al. and Billes et al.”® (372 and 369 cm™, respectively)

Vie V13
610
35279 = 3529
o AE=298 MHz. 2.
608 | % A
606 |
%, 376461,0152 (-0.01)
—~ 604 e o
|
E [ 376759.3898 (0.02) 378572.8956 (-0.02) |
< 602
3]
600 F.
¢ 378871.3611 (-0.01
598
39 1 _3427.8 3426_8_

are in poorer agreement with the value determined in this work
[361.2132927 (17) ecm™']. The origin of this disagreement is not
clear, though the disagreement may be due to the observed slope
of the baseline at the edge of the instrumental frequency range of
the previous work.”” As shown in Fig. 7, the band origin for vis is
unambiguously at 361 cm ™",

An example of the small resonances and their accompany-
ing coupling-allowed, nominal interstate transitions is provided in
Fig. 8. The energy levels 35,70 for vis and 35569 for vi3 are separated
by only 298 MHz, which results in intense state mixing and allows
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FIG. 8. Energy diagram (left) depicting a representative matched pair of nominal interstate transitions between the v+¢ (purple) and v43 (green) vibrationally excited states
of pyridazine. Standard 2Ry 1 transitions within vibrational states are denoted by vertical arrows. The diagonal, dashed arrows indicate nominal interstate transitions that are
formally forbidden, but allowed as a result of rotational energy-level mixing. The values printed on each of the arrows are the corresponding transition frequency (in MHz) with
the corresponding 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 v4 and v43 show the corresponding resonant intrastate transitions.
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the observed interstate transitions between vi¢ and vi3. This same
state mixing also causes a perturbation in the observed frequency of
the corresponding in-state “Ry,; transitions by about 100 MHz. All
four of these transitions have obs.—calc. values of less than 25 kHz,
which is less than half of the assumed experimental measurement
uncertainty of 50 kHz. Additionally, the averages of the experi-
mental frequencies of the intrastate transitions and the interstate
transitions differ by less than 5 kHz, which is probably fortuitously
small. Nevertheless, this close agreement provides high confidence
that these transitions are correctly assigned and measured. These
checks can be quite important for species that have moderate state
mixing, as the nominal interstate transition intensities may be quite
small. Alternately, for species with intense state mixing, the intensi-
ties of the intrastate transitions may be quite small due to intensity
borrowing by the interstate transitions. The latter is the case for
vie and vi3, where the intensity borrowing is sufficient that a large
number of nominal interstate transitions were able to be measured,
assigned, and included in the least-squares fit. In a fashion not typ-
ical of Coriolis-coupled dyads, we were able to identify an entire
series of interstate transitions via Loomis-Wood plots, as shown
in Fig. 9. As mentioned, the combined effect of having many reso-
nant and nominal interstate transitions is that the energy difference
between vis and vi3 is very precisely and accurately known. Com-
bined with the rotationally resolved infrared transitions for ve, the
band origins for both vibrationally excited states are extremely well
determined.

Pyridazine, vy, and vo

The next-lowest energy vibrationally excited states after vig
and vi3 are va4 (B2) and vo (A1), respectively, and these, too, com-
prise a Coriolis-coupled dyad. As depicted in Fig. 6, the v24 and vo
vibrations involve in-plane distortions of the pyridazine ring. The
Va4 / vo dyad is included in a global least-squares fit that also includes
the ground state, vis, V13, and incorporates both millimeter-wave
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FIG. 9. Loomis-Wood plot of a b-type series (Ka'" = 32) of nominal interstate
transitions between v43 and v+ of pyridazine.

and infrared data (Table II). The transition intensities of v,4 and
Vg are so much smaller than the lower-energy vis-vis dyad that the
former is barely discernible in Fig. 4, but is nonetheless sufficiently
intense for the coupling analysis. Transitions of v,4 and vo were also
readily seen in the centimeter-wave spectra (Warsaw), providing
access to a different range of quantum numbers than at millimeter
and submillimeter-wave frequencies (Madison). As shown in Fig. 10,
vo displays the typical a-type band structure in the infrared range,
consistent with a mode of A; symmetry. While v,4 is a nominally
infrared active mode with B, symmetry, its intensity is too low for
transitions to be measured or assigned. Some of our data have a

Vg

Frequency /em™

FIG. 10. Predicted stick spectrum of vq (blue, top) and the experimental high-resolution infrared spectrum (bottom) of pyridazine from 635 to 695 cm~".
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non-pyridazine impurity in the vicinity of v,4, potentially obscur-
ing its transitions. It is possible that a future intentional search for
this weak fundamental could be successful.

In contrast to vig and vi3, which are very close in energy,
va4 and vo are separated by a much larger energy difference,
45754282 (26) cm™'. The Coriolis-coupling interaction between
these two vibrationally excited states becomes apparent in the fre-
quencies of the “Rg; transitions in the extended millimeter-wave
frequency range incorporated in this work, despite the larger energy
separation. As a result, a two-state, sextic centrifugally distorted
Hamiltonian model was applied to these vibrationally excited states.
The smaller number of measured transitions for these higher-
energy states prevented the determination of @k and ¢k in the
least-squares fitting (Table IT). The quartic centrifugal distortion
constants are similar to those of the ground state, with the largest
deviations being less than 7%. These changes are of the expected
magnitude for even a single-state fit of an uncoupled vibrationally
excited state, indicating that the quartic centrifugal distortion con-
stant values are likely well determined and physically meaningful. A
few of the sextic centrifugal distortion constants, however, change
dramatically relative to the ground state, particularly @x; and @k
for both states. These constants (Table IT) should be viewed as
highly effective and likely not physically meaningful, especially due
to the fact that the observed changes from the ground-state val-
ues are similarly large (over 250%) and in opposite directions for
the two states—a hallmark of coupling absorbed into spectroscopic
terms. Due to the change in representation and reduction between
the previous work and this one, the comparison of the determined
spectroscopic constants is not straightforward beyond the rotational
constants. The rotational constants (Table III) are in reasonable
agreement with those determined previously from an effective fit
and those determined in this work from a two-state, Coriolis-
coupled Hamiltonian, with the exception of C»4 and Co. While the
small changes in A, and B, may be largely attributable to the change
in reduction and representation of the two least-squares fits, the
changes in C, are far too large. These differences are due to the
nature of the Hamiltonian model used in each least-squares fit.
Both the computed and previous experimental Co—C, values are per-
turbed by the untreated Coriolis coupling inherent in those values,
resulting in good agreement between these values. The Co-C, values
from this work are largely free of the impact of Coriolis coupling and
are much closer together than the perturbed values from the previ-
ous fit. There is a strong correlation between G344 and the C, values,
which complicates this analysis. The computed |3, | value of —0.620
is in very good agreement with the experimentally determined value
of —0.6322 (39), validating the computed value and providing a
strong indicator that the experimentally determined value is physi-
cally meaningful. The averaged vibration-rotation interaction values
are in excellent agreement (within 30 kHz), indicating the quality
of the computational estimates of this average and the ability of the
Hamiltonian model to treat the transitions included in the dataset.

While the coupling between v,4 and vo complicates the analysis
and least-squares fitting of their transitions, it does allow the band
origin of v24 to be determined, despite the very low infrared inten-
sity of this fundamental state. The nearly 960 rotationally resolved
transitions of the vo band provide an excellent determination of
its band origin at 664.723 3784 (27) cm ™', which through Coriolis
coupling places the v4 band origin at 618.969 096 (26) cm™'. We
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were unable to assign rotationally resolved infrared transitions for
v24. The infrared frequency of vy is in good agreement with the pre-
viously reported gas-phase values of 663 cm ™' from Ozono et al.”’
or 665 cm™! from Vézquez et al”’ but disagrees somewhat with
the more recent report of 673 cm™" from Billes et al.”* Given the
strong intensity of this vibration in the gas phase, it is not surpris-
ing that the previous low-resolution gas phase measurements were
able to determine the vibrational frequency within 1 or 2 cm™.,
The vibrational frequency of v,4 was previously reported at 622 and
632 cm™! (Ozono et al.,”” crystal Raman and infrared spectroscopy,
respectively), 622 cm™! (Billes et al.,”® vapor), and 622 cm™!
(Vézquez et al.,”” vapor-phase), with the latter two values agree-
ing reasonably well with the more precise measurements made in
this work.

The Coriolis coupling that is responsible for the accurate and
precise energy determination of v,4 creates many c-type resonances
between vo and va4, as shown in Fig. 11. These resonances are quite
small across the frequency range of this work, with the transitions
shown in Fig. 11 displaced by less than 1 MHz. The displacement
of these transitions grows in intensity as J' increases (Fig. 12), but
it never achieves the intense perturbation of transitions observed
in many other Coriolis-coupled dyads.””*"" " The largest dis-
placement of a resonant transition included in the dataset is only
~240 MHz from its predicted location without accounting for per-
turbation. The small displacements initially made it challenging for
SPFIT to determine the Coriolis-coupling coefficients in the least-
squares fitting. The values of G5, and E;4 were manually adjusted
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(v-w)/(J"+1) /MHz
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-19.8
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FIG. 11. Resonance plots for pyridazine showing the K, = 9% series for vo4 and
the K, = 6 series for vg. These two resonances conform to the AK, = 3 selection
rule for c-type resonances. The plotted values are frequency differences between
excited-state transitions and their ground-state counterparts (v — vo), scaled by
(J"" + 1) in order to make the plots more horizontal. Measured transitions are rep-
resented by circles: vo4 (red) and vg (blue). No transitions have obs.—calc. values
exceeding 150 kHz or three times the nominal experimental measurement uncer-
tainty. Predictions from the final least-squares fit are represented by solid, colored
lines.
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FIG. 12. Superimposed resonance plots of vo4 for Ry 1 even-K,* series from 2 to
30 for pyridazine. Measured transitions are omitted for clarity, but they are indistin-
guishable from the plotted values on this scale. The plotted values are frequency
differences between excited-state transitions and their ground-state counterparts
(v — vp), scaled by (J”” +1).

until the fit reasonably modeled the mildly displaced transitions. As
additional perturbed transitions were added to the dataset, the four
coupling parameters and the energy of v,4 were allowed to vary in
the least-squares fitting. Not surprisingly, the small displacement
of the resonant transitions coincides with very little intensity bor-
rowing from those intrastate transitions into the nominal interstate
transitions. For this dyad, no nominal interstate transitions were
observed. As a result of the small displacements of the resonant
transitions and the lack of interstate transitions, the value of G,
[3811 (12) MHz] is determined with only a modest level of preci-
sion. Nevertheless, the computed |{3,| value and that determined
from the experimental G5, value are in good agreement, differing
by 0.01 (less than 2%), indicating that the accuracy of this para-
meter is as good as normally expected. Note that even though both of
the dyads studied here involve c-axis Coriolis coupling interactions,
|(34,0] is expected to be non-zero because va4 and vg are both in-plane
motions, whereas | ;3| must be zero, as both of those vibrations are
out-of-plane motions.

Spectral analysis of pyridazine-dx fundamental states

The aforementioned availability of experimental spectral data
for the deuteriated isotopologues of pyridazine and the preced-
ing analysis of vi3 and vi¢ for the normal isotopologue provide a
unique opportunity. With the exception of very small molecules
or halogenated compounds, the isotopic differences in the vibra-
tional excited states of compounds are difficult to explore by rota-
tional spectroscopy due to the low natural isotopic abundances.
The deuterium-enriched pyridazines present in three different sam-
ples of varying composition recorded previously” allow the lowest-
energy vibrationally excited states (vi3 and vi¢ for the C,, species
or vy4 and vy3 for the Cs species) to be easily observed at ambi-
ent conditions. The coupling observed for these vibrational states in
the normal isotopologue changes in several important ways by iso-
topic substitution. For some isotopologues, the symmetry changes
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from Gy, to Cs, changing the symmetries of the vibrational modes
and the allowed coupling interactions without substantially chang-
ing the actual vibrational motions. The orientation of the principal
axes may change upon isotopic substitution, causing changes in
the magnitude of the a-axis and b-axis dipole moment compo-
nents. For example, the normal isotopologue has only an a-axis
dipole moment, while [3,4,5,6—2H]—pyridazine has only a b-axis
dipole moment, resulting in only b-type transitions. Additionally,
the H/D substitution differentially impacts the vibrational energies
of each mode. Given the near degeneracy of vis and v;3 in the nor-
mal isotopologue, it is the specific isotopic substitution pattern that
determines which vibrational motion will be lower in energy. These
energy changes have a substantial impact on the magnitudes of
the observed Coriolis interactions between the lowest-energy funda-
mental states. Figure 13 shows the evolution of the vibrational modes
of pyridazine below 800 cm™ from the all-protio to the all-deuterio
isotopologue. The experimental fundamental energies are used for
the experimentally observed states of pyridazine (vi3, vis, V24, and
Vo), while the vibrational energies for all other vibrational states are
their harmonic values computed at the CCSD(T)/cc-pCVTZ level.
For the C,, isotopologues, the symmetries of vi3 and vis (A, and
B1, respectively) are sufficient to differentiate the atomic motions
of the vibrational modes. As mentioned previously, both of these
vibrations are out-of-plane ring deformations. When these same
molecular motions occur for the C; isotopologues, the A" sym-
metries do not distinguish the molecular motions. The Cartesian
coordinates of the normal coordinates of each vibrational mode were
used to identify analogous vibrational motions across isotopologues,
regardless of the idiosyncrasies of their state labels. In Fig. 13 and
throughout the article, the same color is used to label the analogous
vibrational modes.

The Coriolis coupling observed for vi3 and vi¢ in the nor-
mal isotopologue is evident between the analogous fundamental
states (v24 and vy3 or vi3 and vis for C; and Cs, isotopologues,
respectively) for six of the nine possible deuteriated pyridazines in
the observed frequency range. The three isotopologues ([3,4-H]-,
[3,6-2H]-, and [3,4,6—2H]—pyridazine) for which the lowest-energy
fundamental states do not display clear evidence of Coriolis coupling
(curvature of series, intensity borrowing, resonant transitions, or
nominal interstate transitions) all have predicted energy separations
of greater than 24 cm™". For all of the other deuteriated species (both
C; and C,,), noticeable perturbations of transitions due to Corio-
lis coupling are evident in their spectra between 250 and 360 GHz.
Due to the combined limitations of relatively low numbers of avail-
able transitions and expected complex coupling interactions for the
next lowest-energy fundamental states for the pyridazines-d, (cor-
responding to vo and vz4 in the normal isotopologue), an analysis of
these vibrationally excited states was not undertaken.

For both [3-2H]- and [4—2H]—pyridazine, va4 and vy3 present
large resonances in their lowest-K, series in the observed spectral
range, in contrast to the analogous vibrational modes of the nor-
mal isotopologue. These resonances arise due to the vibrational
energy spacing of these modes, as well as their Coriolis-coupling
coefficient values. The assignment, measurement, and initial least-
squares fitting of the low-K, R-branch series for these fundamental
states was relatively straightforward using the rotational con-
stants of their parent isotopologue and their CCSD(T)-predicted
vibration-rotation interaction constants.” Due to the limited
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FIG. 13. Vibrational energy levels of pyridazine below 800 cm~" and the corresponding modes of the deuteriated isotopologues. Fundamental energies for the normal
isotopologue are those determined in this work (experimental for v43, v4g, Vo4, and vg; computed for v45 and v4,). On this scale, the energies of vq3 and v4g of the normal
isotopologue are indistinguishable. All other vibrational energies are harmonic frequencies [CCSD(T)/cc-pCVTZ]. Two-quanta states are depicted in gray. Color-coding
designates the type of vibrational motion (see Fig. 6) and not the vibrational state label. The vibrational state labels of v4g and v43 apply only for the case of C,, isotopologues

of pyridazine. Vibrational state labels change as a function of isotopic substitution for reasons of both symmetry and isotopic perturbation of vibrational modes.

spectral coverage (250-360 GHz) for these isotopologues, which
greatly reduced the K, series available compared to the normal iso-
topologue, the initial least-squares fitting of transitions at or near
the resonances in the lowest-K, series was challenging. Without
the large undulations of the K, series observable across many J
quanta that typically provide initial constraints on the energy dif-
ference and coupling constants, the fitting of these dyads required
manual adjustments of the energy difference and F,;, to allow confi-
dent assignment of transitions associated with the resonances. With
preliminary modeling of the resonances in this manner, the least-
squares fitting of the datasets for each isotopologue was relatively
straightforward and resulted in the spectroscopic constants pre-
sented in Table TV. Least-squares fitting files, summaries of the
spectroscopic constants determined for each isotopologue in its
ground and two vibrationally excited states, and dataset distribution
plots are provided in the supplementary material.

Despite an excellent model for reproducing the measured tran-
sition frequencies for v,4 and vz3 of [3-*H]- and [4-2H]-pyridazine,
the measurement of transitions is complicated by the spectral den-
sity of the available datasets. These spectra were convenient for
obtaining spectroscopic constants for all of the pyridazine-d, iso-
topologues from only three syntheses and broadband data collec-
tions.” That convenience for structure elucidation, however, necessi-
tates that there are several abundant isotopologues in each spectrum,
resulting in many overlapping transitions from the various isotopo-
logues and vibrationally excited states of multiple pyridazine-dy
isotopologues present. Additionally, the slower, base-catalyzed H/D
exchange at the 3-position of pyridazine produced a low concentra-
tion of [3—2H]—pyridazine in all samples. This resulted in a dataset
about four times smaller than for [4-*H]-pyridazine. Despite these
limitations, the least-squares fit of the available datasets for both

isotopologues provides precise and accurate measurements of the
energy separation between the fundamental states (AEz324), showing
that the isotopic substitution greatly increased the energy differ-
ence between the vibrational modes [19.736276 (40) cm™' and
19.9127974 (37) cm™! for [3-2H]- and [4—2H]—pyridazine, respec-
tively] relative to that of the normal isotopologue. Due to the limited
dataset and frequency range, the A, and B, values of v,4 and v,3 for
[3-2H]-pyridazine are highly correlated, as is evident from their less-
precise determination. Efforts to reduce the correlations between
spectroscopic constants by either removing them or holding them
at their predicted values while still adequately fitting the well-
assigned transitions were unsuccessful in those fits with such cor-
relations. Therefore, the most reliable values determined for [3-2H]
-pyridazine are likely to be the energy gap and coupling para-
meters, due to the inclusion of the resonant and nominal interstate
transitions in these datasets.

The experimental and computed vibration-rotation interaction
constants are displayed in Table V for all nine deuteriopyridazines.
The change in the rotational constants for the two lowest-energy
fundamental states is well predicted for each isotopologue at the
CCSD(T)/cc-pCVTZ level. Typically, the averages of the vibration-
rotation interaction constants for coupled states display much better
agreement between experimental and computed values than the
individual interaction constants. In this case, the agreement between
experimental and computed values for the individual interaction
constants is also quite good - comparable to the agreement between
experimental and computed values for the averaged constants
(Table V). For all of the Cy, isotopologues, this agreement is likely
due to the absence of a large G term in the Coriolis interaction (as
with vi3 and v of the normal isotopologue) and the treatment of
the coupling with F,,. The largest relative errors in the predicted
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TABLE IV. Experimental spectroscopic constants for vibrationally excited states vo4 and vos of [3-2H]- and [4-2H]-pyridazine (A-reduced Hamiltonian, I" representation).?-°

[3-2H] -pyridazine

[4-*H] -pyridazine

vas (A", 352 cm™h)¢

va3 (A”, 368 cm™1)¢

vas (A", 349 cm™) € vaz (A", 371 em™) ©

A, (MHz) 5960.698 (52) 5959.091 (48) 6188.610 53 (14) 6185.376 70 (18)
B, (MHz) 5822.918 (50) 5825.102 (46) 5594.105 14 (10) 5598.934 98 (13)
C, (MHz) 2949.883 04 (37) 2949.919 03 (37) 2942.735 148 (63) 2942.867 378 (65)
Ay (kHz) 0.67927 (11) 0.68017 (11) 0.668 327 (48) 0.671 979 (59)
A (kHz) [-0.173] [-0.173] ~0.22414 (16) ~0.23609 (19)
Ak (kHz) 0.8821 (18) 0.8840 (18) 1.026 75 (12) 1.030 03 (14)
8y (kHz) [0.281] [0.281] 0.275 941 (23) 0.277 649 (29)
Sk (kHz) [0.553] [0.553] 0.585 064 (32) 0.585 069 (37)
@y (Hz) [0.000226] [0.000226] [0.000 000 240] [0.000 000 240]
Dy (Hz) [0.000 634] [0.000 634] [0.001 69] [0.001 69]

ks (Hz) [-0.002 81] [-0.002 81] [-0.00391] [-0.00391]

Ok (Hz) [0.002 63] [0.002 63] [0.003 35] [0.003 35]

¢; (Hz) [0.000 100] [0.000 100] [0.000 000 120] [0.000 000 120]
¢k (Hz) [0.000 481] [0.000 481] [0.000 687] [0.000 687]

ok (Hz) [0.000 663] [0.000 663] [0.001 08] [0.001 08]
AEj3,4 (MHz) 591 678.7 (12) 596 970.65 (15)

AEj34 (cm™) 19.736 276 (40) 19.912797 4 (37)

G/ (MHz) 0.006 13 (76) 0.003 060 (14)

F,, (MHz) 3.504 5 (10) 2.844972 (78)

A (uA?)®e -0.2549 (11) —0.247 28 (97) ~0.266 258 (4) -0.238 738 (5)
K 0.908 0.911 0.634 0.638

Niines' 241 232 895 792

oge (MHz) 0.046 0.043 0.038 0.035

Color-coding designates the type of vibrational motion (see Fig. 6) and not the vibrational state label. Vibrational state colors match Fig. 13, showing the corresponding vibrational

motions of each isotopologue in the same color.

“Values in brackets are held constant at their corresponding ground-state value.
“Harmonic frequencies calculated using CCSD(T)/cc-pCVTZ.

Inertial defect, Ai=1.—1,—1I,.

“Calculated using PLANM from the B, constants.

"Number of fitted transition frequencies.

values are, unsurprisingly, in the constants with the smallest
(<1 MHz) absolute value or from the isotopologues with highly
correlated A- and B-rotational constants, e.g., [3-*H]-pyridazine.
Due to the excellent agreement of the average values of the
vibration-rotation interaction constants in these cases, we attribute
this to the A, and B, values being highly correlated and not to poor
theoretical treatment. It is likely that these discrepancies would
be addressed by adding more transitions—especially with higher
values of J and K,—to the dataset, but these data are unfortunately
not available. We are confident, however, in the AE;3 24 value deter-
mined for each isotopologue, as a sufficient number of resonant
transitions and nominal interstate transitions are included in the
datasets. The reliability of the AE»3,4 values is further supported by
the observed consistency of these values during the least-squares
fitting process. The vibration-rotation interaction constants for the
three isotopologues that were not treated as a Coriolis-coupled dyad
show excellent agreement between computed and experimental

values (Table V). Combined with our observation via
Loomis-Wood plots that the transition frequencies of these
vibrational states are not significantly impacted by coupling per-
turbations in the frequency range studied, the agreement between
the computed and experimental vibration-rotation interaction
constants supports the choice to treat these states as distorted
rotors.

Altogether, the analysis in this work illustrates three coupling
situations for the two lowest-energy fundamental states of pyri-
dazine isotopologues: (1) an energy separation too large to observe
coupling between the states in our frequency region, (2) asymmetric
isotopologues with a predominant F,, term and potential for higher-
order anharmonic coupling terms, and (3) symmetric isotopologues
with only an F,, term and the potential for higher-order coupling
terms (or, in the case of the normal isotopologue, a predominant
F,; term with a smaller G.). In the C,, isotopologues, the two vibra-
tions have different symmetry (A, and B;) and, therefore, can only
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TABLE V. Vibration—rotation interaction constants and energy differences of the lowest-energy fundamental states of [2H]-pyridazine isotopologues.?:"

[3-2H], C, [4-°H], C, [3.4-H], C

Experimental CCSD(T)* Experimental CCSD(T)"* Experimental CCSD(T)"*
Ag-A, (MHz) 1.708 (53) 2636 3.83123 (17) 3.787 22651 (14) 2315
Bo-B. (MHz) 5.262 (50) 4406 401526 (13) 4059 53008 (17) 5324
Co-Cy (MHz) ~3.19829 (45) ~3.134 ~3.166812 (86) ~3.134 ~2.98666 (36) -2.938
Ag-A, (MHz) 3315 (48) 3.622 7.06506 (21) 7.190 6.8270 (17) 6.846
Bo-B, (MHz) 3.078 (46) 2.681 ~0.81458 (15) ~0.925 ~0.4820 (21) ~0.586
Co-C, (MHz) ~3.23428 (45) ~3.210 3299042 (87) ~3245 ~3.05797 (36) ~3.027
GomA)+ =t (\Hg) 2,511 (72) 3.129 5.448 14 (27) 5.489 45461 (22) 4,580
GozBI+GB=B) iy 4170 (68) 3544 1.600 34 (20) 1.567 2.4094 (27) 2.369
(QCIHG=C) (M) ~3.21629 (64) -3.172 ~323293 (12) -3.189 ~3.02231 (51) ~2.982
AEggaa (cm™)’ 19.736 276 (40) 16.1 ~19.912797 4 (37) —225 25.1
G/ (MHz) 0.006 13 (76) 0.003 060 (14)
F, (MHz) 3.5045 (10) 2.844972 (78)
Niines* 241/232 895/792 276/262

[3,5-*H], C; [3,6-H], Ca [4,5-H], Cyy

Experimental CCSD(T)"* Experimental CCSD(T)"* Experimental CCSD(T)"*
Ag-Ay (MHz) 21251 (40) 1.924 3.3003 (12) 3.163 3.74802 (24) 3.741
Bo-B, (MHz) 46004 (44) 4970 40287 (17) 4191 429581 (20) 4240
Co-C, (MHz) ~2.98796 (37) ~2.931 22,975 43 (43) ~2.910 ~2.97435 (16) ~2.954
Ag-A, (MHz) 6.9990 (18) 7.256 47455 (12) 4785 7.539 44 (26) 7.621
By-B, (MHz) 0.1353 (31) ~0.304 14238 (17) 1.341 ~1.06759 (20) ~1.055
Co-C, (MHz) ~3.06230 (39) ~3.039 ~3.06787 (43) ~3.057 ~3.10453 (16) ~3.042
Ao=A)+(h=A) (\pyy) 45621 (44) 4590 40229 (17) 3.974 5.64373 (35) 5.681
a8+ BB (M) 23678 (54) 2333 27263 (25) 2.766 1.61411 (29) 1.5922
(GG (M) ~3.02513 (53) ~2.985 ~3.0217 (61) ~2.984 ~3.03944 (22) ~2.998
AEggaa (cm™")’ 9.274 460 (29) 7.4 31.0 ~17.088 9846 (77) -21.1
G/ (MHz) 0.002 36 (28)
F,, (MHz) 1.676 10 (76) 2.07099 (39)
Niines* 245/226 208/179 643/584

[34,5-H], C, [3.4,6-’H], C [34,5,6-°H], Cyy

Experimental CCSD(T)"* Experimental CCSD(T)"* Experimental CCSD(T)"*
Ag-A, (MHz) 4.43327 (80) 3.991 215616 (31) 2.045 1.9317 (21) 1.910
Bo-B. (MHz) 3.004 68 (70) 3.536 4.89718 (30) 5.056 46144 (24) 4673
Co-Cx (MHz) ~2.84532 (26) ~2.811 ~2.804 16 (20) ~2.745 ~2.67801 (21) ~2.622
Ag-A, (MHz) 451175 (65) 5.059 6.46672 (40) 6.537 45591 (21) 4505
Bo-B, (MHz) 2.03339 (56) 1.400 0.29199 (40) 0.130 25882 (24) 2.576
Co-C, (MHz) ~2.85159 (26) ~2.810 ~2.886.06 (20) ~2.872 ~2.68304 (22) 2674
A=At =4) () 4.4725 (10) 4525 431144 (51) 4292 3.2454 (30) 3.208
GBI+ B (\Hg) 251904 (90) 2.468 259458 (50) 2593 3.6013 (34) 3.625
(GCIHG=C) (M) ~2.84845 (37) -2.810 ~2.84511 (28) ~2.808 ~2.68304 (31) ~2.648
AEggaa (cm™)’ ~9.2673865 (97) ~109 23.9 12.453 3359 (37) 9.1
G/ (MHz)
F, (MHz) 0.841 (36)° ~2355965 (97)"
Niines” 570/529 550/494 592/535

*Vibrational states vig (x) and vi3 (y) for Cy, or v24 (x) and v3 (y) for C; isotopologues.

®Color-coding designates the type of vibrational motion (see Fig. 6) and not the vibrational state label. Vibrational state colors match Fig. 13, showing the corresponding vibrational

motions of each isotopologue in the same color.
Evaluated with the cc-pCVTZ basis set.

dAEdyad = energy of state corresponding to vibrational motion of vi3 (Fig. 6(b); depicted in green in Figs. 6 and 13) - energy of state corresponding to vibrational motion of v6
(Fig. 6(a); depicted in purple in Figs. 6 and 13). In units of cm™". The vibrational state labels of vjs and v,3 apply only for the case of Cy, isotopologues of pyridazine. Vibrational state
labels change as a function of isotopic substitution for reasons of both symmetry and isotopic perturbation of vibrational modes.
“Number of fitted transition frequencies for [state x]/[state y].
{Least-squares fit includes F,,’ = —0.000 006 84 (16) MHz and F,, = 0.000 005 54 (36) MHz.

8Least-squares fit includes FuK =

—0.000024 2 (15) MHz and WX = 2.796 (47) MHz.

hLeast—squares fit includes F,;/ = 0.000 003 763 (41) MHz.
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be coupled by Coriolis interactions. For the Cs isotopologues, both
vibrations have A" symmetry; therefore, anharmonic coupling is
possible. Because no computational estimates are available for the
dyad coupling constants of any of the isotopologues, analysis of each
dyad was begun using coupling terms of an analogous dyad when
available, and transitions were added until evidence of coupling
was observed.

For dyads of the first type mentioned earlier, all observable
transitions were least-squares fit to these two distorted-rotor states
without the need for a coupling term. If a coupling term was allowed
to fit, it fit to near-zero with an uncertainty larger than its value. In
the latter two cases, the coupling fortuitously resulted in resonances,
which appeared as gaps in Loomis-Wood plots and as gaps with no
measured transitions in resonance plots. Attempts to fit the energy
separation and predominant coupling terms, however, did not result
in the refinement of these terms in a manner than predicted either
the frequencies of these missing transitions or even resonances at
the proper locations. At this point, the energy separation was man-
ually adjusted, a corresponding prediction file was generated, and a
resonance plot with an expected resonance was examined. We con-
tinued to adjust the energy separation until a resonance appeared in
the expected J range of the resonance plot. With this better estimate
of the energy separation, the least-squares fitting routine was able
to refine the energy separation and predominant coupling term to
better predict the missing transition frequencies.

Further fitting proceeded more typically by adding transitions
that enabled refinement of the spectroscopic terms until all observ-
able transitions were incorporated. When additional coupling terms
beyond the predominant term were necessary, the theoretically pos-
sible coupling terms for any given dyad were tested in the fit. The
constant that could be determined and best fit the data was main-
tained in the final least-squares fit. In some cases, multiple constants
(often G/ and F,;,X) were able to produce similarly low-error least-
squares fits incorporating all of the same data. In these cases, G/
was used to produce least-squares fits that are relatively comparable
across the series of isotopologues. Although use of the anharmonic
coupling (W’ and WX) terms was attempted in the fitting of each
C; dyad, only one dyad was able to employ such a constant: the
v24-V23 dyad of [3,4,5—2H]—pyridazine required Fuy, Fyp®, and WX
for a low-error least-squares fit. As is shown in Table V, there
is some similarity between the coupling terms of the dyads for
which coupling was observed, and in each case, the coupling terms
employed were sufficient to fit the observed resonances. In each of
the dyad fits, the |F,,| value is between 1.5 and 3.7 MHz, with the
exception of [3,4,5-*H]-pyridazine—the only dyad to use an anhar-
monic coupling term. The smaller |G| values are between 0.002
and 0.007 MHz. There is not, however, sufficient consistency in
the analysis to provide any definitive conclusion, except perhaps
the magnitude of the coupling term to expect when fitting. In this
regard, this analysis will be useful for future least-squares fitting of
similar dyads. Once the dyad of one isotopologue has been estab-
lished, the corresponding dyads of other isotopologues are likely
to have similar coupling term values. The exact terms that will
be necessary, however, are still not readily predictable a priori by
either computational software or historically built-up experimental
data. Taking into account that similarly high-quality least-squares
fits for several of the pyridazine dyads discussed in this work
could be achieved using a different set of coupling parameters, the
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parameters and values reported here should be considered to be
largely empirical.

By analyzing the analogous vibrational modes for all of the
pyridazine-d; isotopologues, we gain direct insight into the impact
of isotopic substitution on the energy difference between the two
ring-deformation vibrational modes. The two lowest-energy funda-
mental states of three species, [3,4-2H]—, [3,6—2H]—, and [3,4,6—2H]—
pyridazine, were able to be least-squares fit adequately to single-state
models and did not show any obvious signs of Coriolis coupling
between states across the observed frequency range. Undoubtedly,
if the frequency coverage were extended, these states would begin
to show noticeable perturbations of transition frequencies. These
three isotopologues have the largest computed harmonic AE values,
all greater than 24 cm™'. This value is approximately the mini-
mum energy separation necessary for pyridazine isotopologues to
have unperturbed transition frequencies between 235 and 360 GHz.
For all other isotopologues, these two vibrationally excited states
required the use of a two-state Hamiltonian model. The resulting
AE values and their corresponding computed values are provided
in Table V and plotted in Fig. 14. As mentioned earlier, the Carte-
sian coordinates of the normal coordinate analysis were used to
confirm that the analogous vibrational motions were being treated
consistently.

As discussed previously, the computed values of vis and vi3
of the normal isotopologue incorrectly predict the lowest-energy
fundamental as vy rather than vi. The fundamental frequency of
vi3 is overpredicted by 3 cm~! and vig is overpredicted by 8 cm™!
(Table II). This is the only isotopologue for which the discrepancy
can be assigned to one or both vibrationally excited states - a con-
sequence of having the high-resolution infrared analysis. It is also
the only isotopologue for which a complete anharmonic vibrational
calculation providing the fundamental frequencies has been com-
pleted. The computed harmonic and fundamental AE values for
these states are very similar (4.52 and 4.54 cm™", respectively). The
harmonic and fundamental computed AE values of pyridazine dif-
fer by 0.02 cm™, far less than the |obs.—calc.| value of 4.59 cm™.
Therefore, we assume that any discrepancies observed between the
harmonic and experimental AE values are not due to the lack of
anharmonic treatment for the other isotopologues. The root mean
square (rms) error in the computed AE values is 3.2 cm™ and, as
shown in Table V and Fig. 14, the individual values are sometimes
overpredicted and sometimes underpredicted. The absolute values
of the difference between the computed harmonic and experimental
AE values are all less than 5 cm™, with the largest |obs.—calc.| value
being that for the normal isotopologue. The accuracy of the com-
puted values depends on the accuracy of the equilibrium geometry
and the force constants used to determine the vibrational frequency.
Given that the equilibrium geometry is nearly identical for isotopo-
logues regardless of H/D substitution,””" all isotopologues would
be impacted in an identical manner if there were substantial system-
atic errors in the equilibrium geometry. This implies that most of
the error in the computed harmonic AE values must come from the
determination of the harmonic force constants.

As is evident in Fig. 14, mono-substitution of 'H by *H in
pyridazine has the largest impact on the AE value, regardless of
position. Deuterium substitution at the 3-position increases the AE
value, while substitution at the 4-position reduces the AE value.
Subsequent deuterium substitution, regardless of location, reduces
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FIG. 14. (a)Experimental energy difference of the two lowest-energy fundamental states of pyridazine determined by least-squares fitting of the Coriolis-coupled dyad
(AEgyag, Table V; in cm=") vs. computed energy difference, and (b) experimental AE vs. the number of 'H/2H substitutions. The gray dashed line represents an ideal
correlation between computed and experimental energy differences. The three isotopologues that did not have perturbed transition frequencies ([3,4-2H]-, [3,6-H]-, and

[3,4,6-2H]-pyridazine) are not included in these plots.

the absolute value of AE. Isotopologues with deuterium substitu-
tions at the 3- or the equivalent 6-position tend toward Eis < Ei3,
while isotopologues with substitutions at the 4- or the equivalent
5-position have the opposite effect (Ei3 < Ei6). The per-deuterio iso-
topologue ([3,4,5,6-*H]-pyridazine), which has equal substitutions
at the 3/6 and 4/5 positions, has a positive AE value. Inspection of
the substitution patterns on the harmonic frequencies of the v;3-
and vis-equivalent modes independently reveals a few trends that
help explain the observed AE values. Deuterium substitution at the
3/6 position has a predicted monotonic decrease in the vibrational
frequency of the vig-equivalent modes, while deuterium substitu-
tion at the 4/5 position has a predicted monotonic decrease in
the vibrational frequency of the vi3-equivalent modes. There is no
consistent impact of 3/6 position deuterium substitution on the
vi3-equivalent modes or 4/5 position deuterium substitution on the
vie-equivalent modes. Not surprisingly, the viz-equivalent modes
have a larger, out-of-plane displacement of the 4/5 hydrogen atoms
and smaller movements of the 3/6 hydrogen atoms. In contrast, the
vi6-equivalent modes have a larger, out-of-plane displacement of the
3/6 hydrogen atoms and smaller movements of the 4/5 hydrogen
atoms.

CONCLUSION

The rotational transition frequencies of pyridazine presented
in this work from 8 to 18 and 130 to 750 GHz, combined with the
previous measurements,” provide the foundation for future searches
for pyridazine in extraterrestrial environments. The newly expanded
frequency range provides experimental frequencies that cover a large

portion of the spectrum available to modern radiotelescopes. The
detection of pyridazine, or any other aromatic heterocycle, would
be a dramatic advance in understanding the chemistry of the inter-
stellar medium. Transition frequencies not directly measured but
within the bounds of the frequency ranges observed in this work
should be predicted within experimental measurement uncertainty
by the spectroscopic constants presented in this work. The transition
frequencies well above 750 GHz will likely not be predicted as accu-
rately, as transitions with those J/K values are not included in this
work.

Investigation of the pyridazine coupled dyads (vis-vi3 and vas-
Vo) provides definitive band origins for each of these vibrationally
excited states, which highlights the power of combining millimeter-
wave with high-resolution infrared transitions into a single dataset.
Transitions from both techniques provide information regarding the
rotational and centrifugal distortion constants, because they cover
similar J/K, ranges, albeit at different resolutions. Analysis of the
rotational data provides the energy difference between the states
via the Corolis-coupling interactions, but cannot locate the band
origins of any vibrational state. The high-resolution infrared data
provide the band origin for the two intense fundamental states
(vis and vo), but transitions associated with vi3 and vy4 cannot be
observed. When combined, the band origins of all four fundamen-
tal states can be obtained with high accuracy and precision. The
high-quality determination of the energy differences and spectro-
scopic constants for these states provides important benchmarks for
computational chemists with two distinct types of Coriolis-coupled
dyads. The lower-energy dyad of vis and vi3 has a remarkably
small energy separation [0.070 7897 (24) cm™'] and c-axis coupling
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without a Coriolis {* constant, while the higher-energy dyad of va4
and vy has a large energy separation and a distinctly non-zero {*
constant. The difference between the computed and observed energy
separations for each of these dyads is approximately 4 cm™. While
this value represents a relatively small error, it has a substantial
impact on the a priori prediction of the rotational spectra due to the
Coriolis coupling.

By analyzing the same vibrational modes across all ten 'H/*H-
isotopologues of pyridazine, we created an interesting new type
of dataset for computational benchmarking. These isotopologues
provide a large number of vibration-rotation interaction, centrifu-
gal distortion, and Coriolis-coupling constants that can be used as
benchmarks. Many of these constants are adequately reproduced by
the CCSD(T) calculations employed in this work. The experimental
impact of "H/*H substitution on the vibrational energy separation is
determined for seven isotopologues, and a lower bound for the two
lowest-energy vibrationally excited states of the other three isotopo-
logues is established. These values are reasonably predicted by the
coupled-cluster method employed, but with apparent small inad-
equacies in the computation of both quadratic and higher-order
force constants. Accurate prediction of the vibrational energies of
the two lowest-energy fundamental states and their centrifugal dis-
tortion constants remains a substantial challenge to readily available
computational packages or methodologies.

SUPPLEMENTARY MATERIAL

Computational chemistry output files and least-squares fit-
ting output files from SPFIT are provided in the supplementary
material.
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