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ABSTRACT: The rotational spectrum of 3-furonitrile has been "'rrmn”é - - 1176 'j’eq”enf}f,fﬁlﬁz :1|78
collected from 85 to 500 GHz, spanning the most intense rotational ”lﬂm HH [ ‘ !“]‘ \ ’” ‘ [ [ H [ W”H” H‘ 1
transitions observable at room temperature. The large dipole

moment imparted by the nitrile substituent confers substantial Bl
intensity to the rotational spectrum, enabling the observation of
over 5600 new rotational transitions. Combined with previously — £; = 168.1931648 (67) cm™
published transitions, the available data set was least-squares fit to  £,, = 169.6358315 (77) cm"
partial-octic, distorted-rotor A- and S-reduced Hamiltonian models
with low statistical uncertainty (o5 < 0.031 MHz) for the ground
vibrational state. Similar to its isomer 2-furonitrile, the two lowest-
energy vibrationally excited states of 3-furonitrile (v, v,4), which
correspond to the in-plane and out-of-plane nitrile bending
vibrations, form an a- and b-axis Coriolis-coupled dyad. Rotation-
ally resolved infrared transitions (30—600 cm™) and over 4200 pure rotational transitions for both v, and v, were fit to a partial-
octic, Coriolis-coupled, two-state Hamiltonian with low statistical uncertainty (g rot < 0.045 MHz, o3 IR < 6.1 MHz). The least-
squares fitting of these vibrationally excited states provides their accurate and precise vibrational frequencies (v, = 168.193 164 8
(67) cm™ and vy, = 169.635 831 § (77) cm™') and seven Coriolis-coupling terms (G,, G, GX, F,, Fy, G,, and F,.). The two
fundamental states exhibit a notably small energy gap (1.442 667 (10) cm™') and an inversion of the relative energies of v, and v,
compared to those of the isomer 2-furonitrile. The rotational frequencies and spectroscopic constants of 3-furonitrile that we present
herein provide a sufficient basis for conducting radioastronomical searches for this molecule across the majority of the frequency
range available to current radiotelescopes.

140 160 Frequency /cm™" 180 200

H INTRODUCTION furan and its nitrile derivatives, 2- and 3-furonitrile, in conditions
relevant to the interstellar medium (ISM). They also provided
theoretical spectroscopic constants for the protonated forms of
2- and 3-furonitrile, offering an additional avenue for the
detection of nitrile derivatives of furan in extraterrestrial
conditions. Inspired, in part, by recent astronomical detections
of aromatic nitriles, e.g, benzonitrile,® 2-cyanonaphthalene,15 3-
cyanonaphthalene,'® and 2-cyanoindene,'® there have been

Despite the availability of precise and accurate laboratory
rotational spectra for many aromatic heterocycles with a
permanent dipole moment, all radioastronomical searches for
aromatic heterocycles have been unsuccessful.' ~ Detection of
furan is of particular interest to astrochemists and astrobiologists
as a fundamental organic molecule and as a molecule that bears

structural resemblance to the furanose sugars found in DNA and

RNA. As a result, furan has been the target of several published se.ve.ral recer‘lt reports of the lab.oratory rotatl??g_szgectra of
astronomical searches.®™® The detection of a ny molecule by nitrile-substituted heteroaromatic molecules. These

radioastronomy is dependent on its abundance (column nitrile-substituted heteroaromatics, or their protonated forms,

density) in the source and the intensity of its transitions may serve as valuable tracer molecules for their corresponding

(proportional to the square of its permanent dipole moment). In

the case of furan, the permanent dipole moment is small (4, = Received: May 10, 2024
0.685 (1) D)' compared to its nitrile-containing derivatives Revised:  June 8, 2024

(measured u, = 4.51 (2) D and y, = 0901 (5) D for 2- Accepted: June 10, 2024
furonitrile;'"'* computed p, = 3.78 D and p;, = 0.40 D for 3- Published: June 25, 2024

furonitrile'>'?). In a theoretical study, Simbizi et al."* reported

the structures, spectroscopic constants, and proton affinities of
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elusive unsubstituted species, as well as being important targets
of astronomical searches themselves.

Rotational spectra of 2- and 3-furonitrile (Figure 1) have been
reported previously.'"'#***° The dipole moment of 2-

O O™ ¢
\_/ \_/ \ /)
LZCN

furan 2-furonitrile

3-furonitrile

Figure 1. Furan and its two singly substituted nitrile derivatives, 2- and
3-furonitrile.

furonitrile, determined by Stark shift,'" and its nuclear
quadrupole coupling constants® were reported in studies of
the rotational spectrum up to 40 GHz. Two contemporaneous
works (1) by our group (up to 750 GHz)*” and (2) by Melosso
et al. (up to 330 GHz)"’ expanded the frequency coverage and
improved the determination of the spectroscopic constants of 2-
furonitrile. In addition to the ground vibrational state, the
former study investigated the three lowest-energy vibrationally
excited states and incorporated high-resolution infrared (IR)
spectral data in the analysis.”” The latter study improved the
determination of the nuclear quadrupole coupling constants and
determined a partial semi-experimental equilibrium structure
(r3E) from the rotational constants of the normal and all heavy-
atom substituted isotopologues.'” In contrast to the thorough
study of 2-furonitrile, the only previous investigation of the
rotational spectrum of 3-furonitrile was recently provided by
Melosso et al.'? As with their study of 2-furonitrile, the nuclear
quadrupole coupling constants and a partial r5F structure were
reported. Herein, we provide an updated analysis of the ground
vibrational state of 3-furonitrile incorporating all previous
measurements'® and, for the first time, provide an analysis of
the two lowest-energy vibrationally excited states, incorporating
both high-resolution IR and millimeter-wave spectra. As is the
case for other aromatic nitriles,”> >° these two vibrational
modes form a Coriolis-coupled dyad, and their vibrational
energies are accurately determined as a result of this analysis.
Additionally, we update the least-squares fit of the ground
vibrational state of 2-furonitrile to include all currently available
microwave transitions.' ' *° The combined transition data sets
and the improved spectroscopic constants provide the best
available foundation for future radioastronomical searches of
both molecules.

B EXPERIMENTAL METHODS

A commercial sample of 3-furonitrile (97% purity) was used
without purification for all spectroscopic measurements. Using a
millimeter-wave spectrometer that has been previously
described,”**"** the rotational spectrum of 3-furonitrile was
collected from 85 to 125, from 140 to 230, and from 235 to 500
GHz, in a continuous flow at room temperature, with sample
pressures of 3—15 mTorr. The complete spectrum from 85 to
500 GHz was obtained automatically over approximately eight
days, given the following 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. A uniform frequency
measurement uncertainty of 0.050 MHz was assumed for all
measurements.

High-resolution infrared data presented in this work were
recorded at the Canadian Light Source (CLS) Synchrotron far-

IR beamline using a Bruker IFS 125 HR 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 multipass cell; the total path length is 72 m.
Spectra were collected at room temperature at a series of
pressures for the analysis of various vibrational states, which
have different infrared intensities. In the range from 30 to 600
cm™!, spectra were collected at 0.0191, 0.123, and 0.481 Torr
using a 6-um Mylar beamsplitter, S0-um polypropylene cell
windows, and a superconducting niobium TES bolometer
detector. Data collection times were all 18 h or less. The aperture
was 1.5 mm, and the preamplifier gain of the detector was set to
6X. In the range from 30 to 300 cm™’, spectra were collected at
0.060 and 0.0647 Torr using a 6-pm Mylar beamsplitter, 50-xm
polypropylene cell windows, and a superconducting niobium
TES bolometer detector. The aperture was 1.5 mm, and the
preamplifier gain of the detector was set to 10X. Several of the
spectra used a 300 cm™" low-pass filter. A uniform frequency
measurement uncertainty of 0.00018 cm™ (~6 MHz) was
assumed for all infrared measurements.

The separate segments of the rotational spectrum were
combined into a single broadband spectrum using Kisiel’s
Assignment and Analysis of Broadband Spectra (AABS)
software.””** The AABS software suite was used to analyze
both the rotational and high-resolution infrared spectra.
Pickett’s SPFIT/SPCAT™ was used for least-squares fitting
and spectral predictions, along with Kisiel's PIFORM, PLANM,
and AC programs for analysis.*®

B COMPUTATIONAL METHODS

Electronic structure calculations were carried out with Gaussian
16" using the WebMO interface®® to obtain theoretical
spectroscopic constants. Optimized geometries at the B3LYP/
6-311+G(2d,p) and 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. Additional electronic
structure calculations were carried out using a development
version of CFOUR™ to obtain an optimized structure at the
CCSD(T)/cc-pCVTZ level of theory, including core electrons.
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 by numerical differentiation of analytic
first derivatives at displaced points.**~** Computational output
files can be found in the Supporting Information.

B RESULTS AND DISCUSSION

Spectral Analysis. 3-Furonitrile is a prolate, asymmetric top
(C, k = —0.913, Figure 2) with a substantial permanent dipole

Figure 2. 3-Furonitrile structure (C, u, = 3.78 D and p;, = 0.40 D,
CCSD(T))"* with principal inertial axes.
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moment along the a-axis and a smaller dipole moment along the
b-axis (1, = 3.78 D and y, = 0.40 D, CCSD(T)"?). As a result,
the a-type transitions are much more intense than the b-type
transitions, and the former dominate most of the predicted
rotational spectrum up to 700 GHz (Figure 3). The b-type
transitions are expected to be the main spectral feature only at
frequencies above 550 GHz.

a-type

Intensity

b-type

100 200 300 400 500 600 700
Frequency /GHz

Figure 3. Predicted rotational spectrum (SPCAT) of the ground
vibrational state of 3-furonitrile to 750 GHz at 295 K. The measured
frequency range in this work is from 85 to 500 GHz.

Considering the low intensity of the b-type transitions and the
generally poorer signal-to-noise ratio of our instrument in the
frequency region above 550 GHz, we collected the rotational
spectrum of 3-furonitrile only to 500 GHz. This upper limit
contrasts with that of our earlier study of 2-furonitrile, whose
larger b-axis dipole component (4, = 0.7 D) made it possible to
glean useful data from a higher-frequency spectral range.”’
Extending the measured frequency range for 3-furonitrile to
lower frequency (85—125 GHz) was quite valuable in obtaining
a reasonable least-squares fit of the vibrationally excited states,
due to the intense state-mixing that begins to appear even at
moderate values of J and K (vide infra). The full frequency range
studied in this work enables the measurement of the majority of
the most intense transitions populated at ambient temperature
(Figure 3). As shown in Figure 4, the rotational spectrum of 3-
furonitrile in the observed millimeter-wave frequency range is

defined by the typical oblate-type, R-branch bands observed for
other cyano-substituted arenes in similar frequency
ranges.'”>*~>" The b-type transitions are approximately 100
times weaker than the a-type transitions and are thus
substantially weaker than the a-type R-branch transitions of
even many of the vibrationally excited states, including v, and
Uy, (vide infra).

Ground-State Spectrum of 3-Furonitrile. For the ground
vibrational state of 3-furonitrile, the spectral density and
frequency range observed allow for the measurement, assign-
ment, and least-squares fitting of over 5800 independent
transitions in the combined data set. Melosso et al."* reported
over 1350 transitions of 3-furonitrile between 6 and 22 GHz,
outside the frequency coverage of this work, and from 240 to 320
GHz, overlapping with this work. Taken together, the available
spectra of 3-furonitrile include transitions with J” + 1 up to 154
and K up to 49 for the ground vibrational state. The smaller
range of quantum numbers for observed transitions of 3-
furonitrile, relative to 2-furonitrile (J” + 1 up to 190 and K up to
59), is in line with the reduced spectral coverage relative to 2-
furonitrile.”” The number of measured transitions in this work is
decreased by about 30% relative to 2-furonitrile due to the
combined impact of the smaller frequency coverage and the
reduced b-type dipole, which allowed the measurement of only a
small number of b-type transitions.

The combined transition data set (Figure S) for 3-furonitrile
was least-squares fit to a partial-octic, centrifugally distorted-
rotor Hamiltonian with and without nuclear quadrupole
coupling. The resulting spectroscopic constants in the A and S
reductions, and I" representation are provided in Table 1. The
least-squares fit without nuclear quadrupole coupling includes
only the transitions newly measured in this work. The least-
squares fit with nuclear quadrupole coupling includes all
available transitions using the reported nominal measurement
uncertainty. In cases where transitions between 240 and 320
GHz were duplicated in the data set between this and the
previous work,"” the transition frequency with the smallest obs.
— calc. value was used. From this work only, over 5600
transitions were least-squares fit (o = 0.031 MHz); the
combined data set contains over 5800 transitions (o = 0.030
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Figure 4. Predicted (top) and experimental (bottom) rotational spectra of 3-furonitrile from 379 to 384 GHz. Ground-state transitions of 3-furonitrile
forthe]” + 1=118and]” + 1 = 119 bands appear in black. The high-K, portions of two R-branch series (J” + 1 = 107 and 108) are visible moving across
the spectral range from high to low frequency. Transitions for v, are in purple, and transitions for v,, are in green. Unidentified transitions are

attributable to higher-energy vibrationally excited states of 3-furonitrile.
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Figure S. Data distribution plot for the least-squares fit of spectroscopic
data for the vibrational ground state of 3-furonitrile. The size of the
symbol is proportional to the value of I(f,;, — f..i..)/5fl, where &f is the
frequency measurement uncertainty, and all quotient values are smaller
than 3. Black circles represent millimeter-wave data, while blue (R-
branch) and pink (P-branch) symbols represent microwave data from
Melosso et al."

MHpz). In the least-squares fit without quadrupole coupling, all
of the on-diagonal octic centrifugal distortion terms, excluding
Ly, were determined satisfactorily in both reductions. Values for
the octic terms not included in the least-squares fit were held
constant at zero, as no currently available software package can
predict these values. For the combined data set, hyperfine-
resolved transitions were observed only below 22 GHz. These
transitions provided the sole information used in determining
the nuclear quadrupole coupling constants, but they were not
included in the determination of the octic centrifugal distortion
constants. A few of the sextic and octic distortion constants (L,
and Ly in the S reduction and @ in the A reduction) in the
combined data set became undeterminable. As a result, these
parameters were held constant at their corresponding values
determined in the least-squares fit without quadrupole coupling
(using only newly measured transitions in this work).

The agreement of the spectroscopic constants determined by
the least-squares fit using only data from this work, by the least-
squares fit incorporating all available data, and by Melosso et
al.”? is generally quite satisfactory. The spectroscopic constants
appear to be best determined in the combined data set.
Interestingly, the broader frequency coverage in this work
necessitated the inclusion of only two additional octic
centrifugal distortion constants compared to the previous
work. The computed CCSD(T)/cc-pCVTZ spectroscopic
constants are in generally good agreement with their
corresponding experimental values of the combined work with
the notable exceptions of h;, ®;, and ¢;. As expected, the
rotational constants are predicted within 0.5% of their
experimental values using this level of theory and basis set.
The computed quartic distortion constants are within 14% of

their experimental values. With the aforementioned exceptions
of hj, @}, and ¢, the sextic centrifugal distortion constants are
likewise predicted within 22% of the experimental values. The
experimental value of &), however, is approximately half of its
computed value, while the value of ¢; is nearly twice its
computed value. In a more extreme deviation, the experimental
value of @ is nearly equal in magnitude but opposite in sign to
its computed value. Given the extensive frequency and J/K range
of the current data set, the experimental centrifugal distortion
constants need to model significant levels of centrifugal
distortion. It is likely that untreated, higher-order centrifugal
distortion is impacting these constants. This notion is supported
by analysis presented in the 2-furonitrile study and will be
discussed further below. Attempts to hold these problematic
constants at their computed values resulted in large increases in
the o values of the least-squares fits and poor modeling of many
transitions. Attempts to use additional octic centrifugal
distortion constants were unsuccessful in improving the least-
squares fit. As a result, the above-mentioned octic parameters
with large discrepancies from their computed values are
included in the least-squares fits and should be considered
somewhat empirical. For comparison, computed spectroscopic
constants at the B3LYP/6-311+G(2d,p) and
MP2/6-311+G(2d,p) levels are provided in the Supporting
Information.

Coriolis-Coupled Dyad of v,; and v,,. The two lowest-
energy vibrationally excited states of 3-furonitrile are the in-
plane (v;, A/, ~168 cm™) and out-of-plane (v,,, A”, ~170
cm™") bending modes of the nitrile group (Figure 6). Like the
other cyanoarenes,”” *’ energetic proximity and symmetry of
these states enable strong a- and b-axis Coriolis coupling and
substantial state-mixing. The resulting perturbation of transition
frequencies is evident throughout the rotational and infrared
spectra observed in this work. These two types of spectra are
complementary, but in this work, transitions of the rotational
spectra were available first and initially easier to assign and least-
squares fit. As is evident in Figure 7, not only does v,, have a
much lower far-IR intensity, but the two fundamental states are
so close in energy that the v, transitions are tucked in among
the vy, transitions. The millimeter-wave transitions, however,
are comparable in intensity and readily predicted using
computed vibration—rotation interaction constants, computed
G, constant from the Coriolis 17,4l constant, and the ground-
state experimental spectroscopic constants. Initially, the G,
constant was not included in the least-square fitting model,
due to the very small computed 1§ ?7,24| value, but in later stages, it
had to be incorporated into the analysis. While the millimeter-
wave analysis is sufficient to determine the accurate and precise
energy separation between these two states, rotationally resolved
infrared spectra are required to accurately determine their
individual band origins. With the infrared intensity of v,, less
than half that of v, (Figure 7) and with the very close band
origins for these two states (Figures 6 and 7), having a
preliminary fit of the rotational data made the measurement,
assignment, and least-squares fitting of these states in the IR
spectrum much more straightforward.

In total, over 4200 rotational transitions for each vibrational
state, over 725 rotationally resolved infrared transitions for v,
and 150 rotationally resolved infrared transitions for v,, were
least-squares fit to a two-state, Coriolis-coupled, partial-octic,
centrifugally distorted-rotor Hamiltonian model in the I"
representation. Transitions ranging in J” + 1 from 23 to 154
and in K] from O to 40 were assigned and least-squares fit for
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Figure 6. Vibrational energy levels of 3-furonitrile below 620 cm™". The energy values of v, (purple) and v, (green) result from the experimental
analysis presented herein. Higher-energy fundamental-state energies are from previous gas-phase experimental measurements,” and overtone- and
combination-state energies are extrapolated from the experimentally measured energies of the current work.
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Figure 7. Predicted stick spectra (top) of vy; (purple) and v,, (green) of 3-furonitrile and the experimental high-resolution infrared spectrum

(bottom).

each state. The quantum-number coverage is displayed in the
data distribution plots of the rotational transitions in Figure 8
and of the infrared data in the Supporting Information. The
maximum K; analyzed was limited to 40 to avoid introducing
unnecessary confusion or error due to the diminishingly low
intensity of higher-K transitions and the potential for overlap
with other transitions in an already quite extensive data set. Since
V17 and v, are quite close in energy, state-mixing is substantial at
low K, and the predominant coupling interactions are observed
at K] < 20. Thus, limiting the upper K] range at 40 is not
expected to significantly affect the determination of coupling
parameters. Additionally, the transitions in the data set were
drastically limited by the instability of rotational energy-level
labels caused by the intense state-mixing. Although many series
between K, ~ 4 and 17 are readily visible in Loomis—Wood
plots, and the frequencies are measurable within the
experimental uncertainty, the state labels assigned to these
frequencies change unpredictably between iterations of least-

squares fitting, causing well-measured frequencies to be rejected
and making convergence of the least-squares fit more difficult. In
order to obtain a converged least-squares fit, many transitions
with such unstable labels were excluded from the final data set.
The resulting spectroscopic constants are provided in Table 2
alongside the ground-state constants from the least-squares fit
without nuclear quadrupole coupling. In the end, Ay, @y, @y,
and the off-diagonal sextic terms of each vibrationally excited
state could not be determined and were thus held constant at
their corresponding ground-state values. The centrifugal
distortion constants that could be determined are within 8%
of the corresponding ground-state values, and none of these
exhibit the equal-and-opposite magnitude of change that is
characteristic of absorbed coupling. The only constants that do
exhibit such behavior are the A, constants. They are, however,
both within 1% of the ground-state value, so if coupling was
inappropriately absorbed into these constants, it seems to be
fairly minimal (see discussion of vibration—rotation interaction

https://doi.org/10.1021/acs.jpca.4c03093
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Figure 8. Data distribution plots for the least-squares fit of
spectroscopic data for the pure rotational transitions of v, and v, of
3-furonitrile (data distribution plots for infrared transitions are
provided in the Supporting Information). The size of the open circle
is proportional to the value of I(f,,; — f..i.)/5f |, where 5fis the assumed
frequency measurement uncertainty (50 kHz), and all of the quotient
values are smaller than 3.

values, below). The other rotational constants are within 0.2% of
the corresponding ground-state values. The vibrational energies
are determined (v, = 168.193 164 8 (67) cm™ and v,, =
169.635 831 S (77) cm™"), and seven Coriolis-coupling terms
(G, G, GX F,, FX, G,, and F,)) were needed to achieve a
satisfactory least-squares fit.

The rotational constants provided in Table 2 for vy, and v,,
were used to determine the vibration—rotation interaction
constants By — B, (Table 3). For both B, — B, and C, — C,, the

agreement between the theoretical values and the experimental
values is as good as can be expected, all within 7, 6, or 1.5% for
the values determined at the B3LYP, MP2, and CCSD(T) levels
of theory, respectively. This agreement provides confidence in
the quality of both the theoretical estimates and the
experimental analysis. Given the small value of Ile7,24l, it is not
surprising that the agreement of the B, — B, values is comparable
to the Cy — C, values, indicating that the B, — B, values are not
obviously perturbed by the Coriolis coupling. In contrast, the
experimental and the CCSD(T) computed A, — A, values show
the telltale effects of untreated Coriolis coupling: the Ay — A,;
and Ay — A,, values have nearly equal, large magnitudes and
opposite signs. The B3LYP and MP2 values calculated in
Gaussian appear to be deperturbed and are significantly closer to
the expected true A; — A, values. The combination of a quite
large Coriolis-coupling coefficient (G, = 15333.18 (30) MHz)
and the very small energy separation between vy, and v,
(AE,,;; = 1.442 667 (10) cm™') results in an intensity of
state-mixing that has rarely been described in the literature. It
was, therefore, quite difficult to obtain completely unperturbed
experimental A; — A, values. The computed energies of the two
modes at the CCSD(T) level are in excellent agreement with
their experimental values, each less than 1% deviation from the
experimental values (0.5 and 1.4 cm™ for v;; and vy,
respectively). The accuracies of the predictions are similarly
close at the MP2 level of theory (0.3 and 1.8 cm™" for vy, and 1y,
respectively), but distinctly worse when predicted by B3LYP
(9.3 and 5.9 cm™! for vy, and v,,, respectively). Although the
AE,, ,, values have small obs. — calc. values (3.44, —1.46, and
—0.86 cm™! using B3LYP, MP2, and CCSD(T), respectively;
see Table 3), the energy separation is predicted most accurately
by CCSD(T). Unsuccessful attempts were made to find a set of
a-axis Coriolis-coupling terms that provide more physically
meaningful Ay — A, values in the least-squares fitting with the
current data set. This situation is not surprising for the reasons
stated above and the inherent strong correlations between the A,
rotational constants and the g-axis Coriolis-coupling coef-
ficients. Despite this limitation, the good agreement between
experimental and predicted values for the averages of all of the
vibration—rotation interaction constants (Table 3) provides
confidence in the overall quality of the least-squares fit and its
ability to provide a meaningful analysis of the Coriolis-coupled
dyad.

The energy difference between the two fundamental states
was well-determined from the coupling analysis using exclusively
the rotational data, despite the fact that a satisfactory least-
squares fit had not been obtained. At that stage, the fit was
unable to consistently converge, and the quantum-number
labels were not consistent between iterations. As shown in
Figure 7, the infrared bands of v, and v,, are sufficiently
overlapped such that they are nearly indistinguishable. The
initial assignment of the v, rotationally resolved infrared
transitions was a one-parameter problem that necessitated visual
alignment of the Q-branch and Loomis—Wood plots to confirm
the assignments of individual R- and P-branch series. Neither
fundamental state is particularly intense (5.2 and 2.4 km/mol for
V17 and 1,4, respectively, calculated by CCSD(T)), resulting in a
relatively low signal-to-noise ratio in the high-resolution infrared
spectrum. Without accurate predictions of the spectroscopic
constants and the spectral pattern of the rotationally resolved
transitions, the assignment of these transitions would have been
quite difficult. Once a few of the v}, infrared transitions were
included in the data set, however, the v,, transitions were
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Table 2. Experimental Spectroscopic Constants for the Ground State and Vibrationally Excited States v, and v,, of 3-Furonitrile
(A-Reduced Hamiltonian, I" Representation)

ground state *

vi7 (A, 168.7 cm™") b¢

Vag (A", 171.0 cm 1) be

Ay (MHz) 9296.55253 (57) 9368.77 (21) 9224.77 (21)

B, (MHz) 1940.269840 (35) 1944.875807 (92) 1943.263500 (96)
C, (MHz) 1604.628513 (34) 1606.135425 (32) 1607.783143 (36)
A (kHz) 0.0728679 (34) 0.0748582 (14) 0.0745760 (13)
A (kHz) 2.854516 (49) 2.93677 (19) 2.72608 (19)
Ax (kHz) 0.5153 (13) [0.5153] [0.5153]

& (kHz) 0.0133908 (14) 0.01411807 (66) 0.01357977 (65)
5 (kHz) 1.62865 (12) 1.66846 (10) 1.623178 (98)
@) (Hz) ~0.00000288 (21) [~0.00000288] [~0.00000288]
@i (Hz) 0.0066573 (64) 0.0066557 (72) 0.0065666 (70)
@k, (Hz) ~0.046046 (54) ~0.046513 (77) ~0.042725 (69)
@k (Hz) 0.05096 (99) [0.05096] [0.05096]

# (Hz) 0.000002384 (47) [0.000002384] [0.000002384]
#ix (Hz) 0.0031021 (51) [0.0031021] [0.0031021]

# (Hz) 0.05430 (17) [0.05430] [0.05430]
Energy (MHz) 5042304.23 (20) 5085554.29 (23)
Energy (cm™') 168.1931648 (67) 169.6358315 (77)
G. (MHz) 15333.18 (30)

G’ (MHz) ~0.021273 (26)

G.X (MHz) ~0.1570 (10)

Fy (MHz) 1.2041 (22)

F X (MHz) 0.00004355 (20)

G, (MHz) ~25.246 (85)

F. (MHz) ~11.291 (13)

A (uA?) ¢ 0.120389 (9) 0.8608 (12) ~0.5193 (12)
Niines (Tot) © 5655 4250 4345

Nines (IR) € 728 150

o rot (MHz) 0.031 0.045 0.045

o IR (MHz) 5.17 6.01

“Ground-state (black) constants reproduced from Table 1 (this work only) for convenient comparison to those of v,; (purple) and 15, (green).
“Fundamental frequency predicted using CCSD(T)/cc-pCVTZ. “Constants that could not be experimentally determined, including those not
explicitly shown, were held constant at the corresponding ground-state value [in brackets] determined from the least-squares fit from this work
only. “Inertial defect, 4, = I, — I, — I,, calculated using PLANM from the B, constants. “Number of fitted transition frequencies.

Table 3. Vibration-Rotation Interaction and Coriolis-Coupling Constants of the v,,-v,, Dyad of 3-Furonitrile

Experimental B3LYP® MP2 ® CCSD(T)®
Ao — A17 (MHz) —72.22 (21) “12.7 ~13.0 2514,
Bo— Bi7 (MHz) ~4.60597 (10) -438 -4.48 -4.55
Co— Ci7 (MHz) ~1.506912 (47) ~1.41 ~1.47 ~1.50
Ao — Az (MHz) 7178 (21) 12.4 119 -2510.
Bo— By (MHz) ~2.99366 (10) ~2.94 -2.83 -2.97
Co— C (MHz) ~3.154630 (47) -3.08 ~2.99 -3.11
Apg—A Apg—A.
Yoh o b (b)) (30) —0.165 ~0.632 -0.411
(Bo—B17)+(By—B:
Co=B*CozPes) (MHz) 379981 (14) 366 -3.66 -3.76
(Co—C17)+(Co—C:
%(““) (MHz) 2330771 (68) -2.24 223 -2.30
7% 24| 0.82467 0.81699 0.82185 0.82044
307, 24] 0.00651 0.00169 0.00580 0.00522
Eir (em™) 168.1931648 (67) 177.5 168.5 168.7
Eas (em™) 169.6358315 (77) 175.5 171.4 171.0
AEz17 (cm™) 1.442667 (10) 2.0 2.9 23

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

predicted within their nominal experimental uncertainty and of the coupling analysis, an independent measurement of the
easy to assign, despite the low intensity, low signal-to-noise ratio,

and the overlap of the v,, and v}, spectra. Given the complexity

vibrational energies from the high-resolution infrared spectrum

was quite helpful.
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The least-squares fitting of this dyad was particularly
challenging in comparison to the other cyanoarene dyads that
have been studied recently by our group. As previously
mentioned, the combination of the large values of A, and
{17 24! for 3-furonitrile gives rise to a large G, constant. The very
small energy separation between the two vibrationally excited
states leads to intense state-mixing, even at relatively low values
of J and K compared to the other cyanoarenes.””~*’ None of the
available diagonalization options in SPFIT led to a stable set of
quantum numbers. Between iterations, many of the measured
transitions changed quantum-number assignments, causing
SPFIT to reject these transitions. For a coupled-dyad system,
this behavior presents a substantial limitation, as the transitions
that are prone to quantum-number changes include those that
are heavily state-mixed. It is precisely these transitions that are
important in determining the coupling constants and reducing
the correlations between coupling, rotational, and centrifugal
distortion constants. A similar occurrence has been described for
propionitrile,44 where the transitions with unstable quantum
numbers were assigned very large nominal uncertainties,
effectively removing them from the least-squares fit. To obtain
a stable fit that produced stable constants, we employed an
analogous technique and excluded transitions with unstable
quantum-number labels from the data set. An artifact of this
intense state-mixing can be seen in Figure 9. The v,, K, = 14"

vy K, = 14"
20— vy K, =14 .’f p
Y |
T {
— o 4
=
< y
= 10} |
-+ "\
S~ A‘/\& \ : 1
\ |
~~
f h‘\l f
| 0 i
hY |

-10 1 L L L L 1 1 1 L
20 40 60 80

J"+1

Figure 9. K, series plots for 3-furonitrile showing the K, = 14" series
(green) for v,, and the K, = 14 series (blue) for v,,. There are no
transitions for which the obs. — calc. value exceeds 150 kHz or 3 times
the nominal experimental uncertainty. The plotted values are frequency
differences between excited-state transitions and their ground-state
counterparts (v — 1), scaled by (J” + 1) in order to make the plots
more horizontal.

and v,, K, = 147 series form a smooth curve in the bottom series
of transitions. Many transitions along this curve, and the
analogous ones for other K, series, were able to be included in
the data set when the quantum-number labels of their energy
levels remained constant. In other coupled dyads of cyanoar-
enes, where the mixing was less intense, these transitions
represent a single K, series from one vibrational state.

The typical resonance progression plots (Figure 10) that we
employ show the progression of the Coriolis-coupling-induced
resonances along K, series. For the 3-furonitrile data set, where
the quantum-number labels are not static in SPFIT/SPCAT,

N
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Figure 10. Superimposed resonance plots of v, (upper) “Ry, K, series
Vy4 (lower) ‘R, K, series from 10 to 20 for 3-furonitrile. Measured
transitions are omitted for clarity, but those that are included in the data
set are indistinguishable from the plotted values on this scale. The
plotted values are frequency differences between excited-state
transitions and their ground-state counterparts (v — 1), scaled by

g’ +1).

these plots reveal more complex behavior. At much higher values
of J, the K, series experiences sharp discontinuities that have
matching behavior with AK, = 1 selection rules. For example,
the K, = 14"/15 degenerate series of 5, and the K, = 14"/13"
degenerate series of v, both display smooth series with a sharp
increase or decrease in (v — r)/ (J” + 1) between J” + 1 = 136
and 141, which results in a new, smooth series as | increases.
Analogous discontinuities exist in all of the nearby K, series, and
as K, increases, these discontinuities progress to higher values of
J. Transitions before and after the discontinuities were included
in the least-squares fit. A few resonances are discernible in this
plot, although the resonant transitions that correspond to those
resonances were not included in the final data set due to
quantum-number instability and not due to the inability of the
spectroscopic constants to model and predict a transition at that
frequency.

As a result of the quantum-number instability, it is nearly
impossible to do the analysis of resonant transitions or nominal
interstate transitions using SPFIT/SPCAT that we employed in
analogous works. Despite this limitation, we are confident in the
quality of the B, and C, rotational and centrifugal distortion
constants obtained from the least-squares fit; they are likely to be
physically meaningful. The A, values should be viewed as
effective constants. The Coriolis-coupling parameters, com-
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Table 4. Energy Differences between In-Plane (ip) and Out-of-Plane (oop) Nitrile Bending Modes for Cyanoarenes

out-of-plane in-plane
benzonitrile>** Uy By U3y By
2-cyanopyridine28 V3o A" vy, A
3-cyanopyridine™* V3 A" vy, A’
4-cyanopyridine™ Uy By Vs By
2-cyanopyrimidine”’ Vg By Vs7, By
cyanopyrazine>* vy A" Vig A/
2-furonitrile® Vyy A" Vypy A’
3-furonitrile Vyyy A” Vyy A

AE;, o0 (cm™) A IZ3,)
19.108 170 1 (74) 5655.265 371 (75) 0.841
26.524 312 6 (40) 5837.001 016 (84) 0.848
15.752 469 3 (37) 5823.058 32 (11) 0.833
18.806 554 (11) 6000.670 28 (91) 0.843
38.967 319 1 (77) 6043.453 9 (12) 0.873
24.824 596 2 (60) 6003.129 84 (58) 0.899
11.779 103 9 (36) 9220.251 42 (10) 0.806
—1.442 667 (10) 9296.552 53 (57) 0.825

bined with the other spectroscopic constants, accurately model
the observed spectra and determine the vibrational energies.
The physical meaning of the Coriolis-coupling values
determined in the least-squares fit is ambiguous. These values
should be viewed as potentially effective. Prior to obtaining the
high-resolution infrared spectra, the initial least-squares fit of the
millimeter-wave data set determined an accurate and precise
AE,, ;, value. The accuracy of this value became clear when the
initial assignment of the infrared spectrum of v, resulted in the
immediate, accurate prediction of v,, infrared transitions. When
the predicted spectrum was aligned with the experimental
spectrum of v, using Loomis—Wood plots and several infrared
transitions were incorporated into the data set, the least-squares
fit produced spectroscopic constants that predicted the
spectrum of v,, within experimental error. Such an accurate
prediction allowed v,, transitions to be assigned, measured, and
least-squares fit with relative ease. In the end, the spectroscopic
constants and AE,, |, value adequately model the rotational and
infrared spectra of each state, a feat that would not be possible
without the accurate and precise determination of the energies
of each vibrational state and overall treatment of the coupling
interaction.

In all cases of cyanoarenes with six-membered rings previously
studied (Table 4), the out-of-plane bending frequencies are
lower in energy than the in-plane modes by 15—39 cm™". Of the
previously studied cyanoarenes, 2-furonitrile had the smallest
energy separation of 11.8 cm™' between these two fundamental
states. In interesting contrast to the other cyanoarenes in Table
4, 3-furonitrile is the only case with the in-plane (ip) vibration
(v17) lower in energy than the out-of-plane (oop) vibration
(V24), AE;;_oop = —1.442 667 (10) cm™". This energy separation
was determined from both the inclusion of high-resolution
infrared data for both modes and the coupling analysis. The
physical origin of the change in AE,,_,,, between 2- and 3-
furonitrile by ~13 cm™" is unclear. A difference of similar
magnitude (~11 cm™") was observed for 2- and 3-cyanopyr-
idine, with the larger energy gap between the modes occurring
when the nitrile group was attached to the carbon adjacent to the
heteroatom.

Reanalysis of the Ground Vibrational State of 2-
Furonitrile. As described above, two contemporaneous works
(by our group® and Melosso et al.'”) provided complementary
analyses of the rotational spectra of 2-furonitrile. In the current
study, we combined all available rotational transitions and high-
resolution infrared transitions (including two works inadver-
tently overlooked in our previous investigation) ' ** and fit these
data to obtain a refined set of spectroscopic constants (Table S).
For comparison, Table S also includes the constants from our
original least-squares fit that does not include microwave
transitions or those with resolved nuclear hyperfine coupling.
The reanalysis of the data set for 2-furonitrile provides the best

available experimental spectroscopic constants for prediction of
the rotational transitions outside the currently observed
frequency range. The changes in the spectroscopic constants
between the two data sets for 2-furonitrile also provide insight
into the differences between the two analogous data sets for 3-
furonitrile (Table 1). As described above, the computed and
experimental i, and ¢; constants determined from transitions
<320 GHz" for 3-furonitrile agree more closely with one
another than with those obtained using the data set up to 500
GHz. As we suggested earlier, the poorer agreement when using
a higher-frequency range is due to untreated, higher-order
centrifugal distortion influencing those constants for 3-
furonitrile. Supporting this assumption, a similar deviation
between the computed and experimental h; constants is
observed for 2-furonitrile. The experimental value of h, for 2-
furonitrile is about half the size of its computed value when
rotational transitions up to 750 GHz are included, but is in close
agreement with its computed value when the data set is limited
to 320 GHz in the previous work."” Parallel behavior is observed
for the ®; and ¢; spectroscopic constants between 2- and 3-
furonitrile. When the data set is limited to <320 GHz, the
computed and experimental values of the spectroscopic
constants are in close agreement, but show similar deviations
when higher-frequency transitions are included. A satisfactory
least-squares fit of 2-furonitrile up to 750 GHz requires
additional octic centrifugal distortion constants in the
Hamiltonian model compared to 3-furonitrile, which supports
the argument that (as expected) the higher-frequency data
requires more centrifugal distortion terms and that an
incomplete treatment of the centrifugal distortion can impact
the fitted spectroscopic terms in unphysical ways.

B CONCLUSIONS

By combining the previously available data with new frequency
measurements, this study provides the best available data to
conduct astronomical searches for 2-furonitrile or 3-furonitrile
across the frequency range of available radiotelescopes. The
least-squares fitting of the Coriolis-coupled dyad (v, and v,,)
for 3-furonitrile was challenging as a result of the very small
energy separation and the very strong coupling interaction, as
manifest by the large value of Coriolis-coupling term G,. Even
with well-determined spectroscopic constants from the ground
vibrational state, the least-squares fitting was made especially
difficult by the instability of quantum-number labels between
iterations of the least-squares fitting. While we addressed this
problem by excluding the transitions that are prone to quantum-
number changes due to substantial state-mixing, alternative
solutions are possible that address this issue in a more
sophisticated way. One could implement a quantum-number
labeling method based upon the largest magnitude eigenvector-
squared after diagonalization. Alternatively, one could imple-
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ment a least-squares fitting routine that allows the quantum-
number labels to be revised in each iteration to values that most
closely match the energy levels or transition frequencies. Such a
fitting routine would allow the spectroscopic constants to model
the rotational energy levels in a manner independent of the
quantum-number labels, which might change for a particular
energy level as the state-mixing changes in the least-squares
fitting process. Either of these approaches to a least-squares
fitting routine would offer significant advantages in cases such as
3-furonitrile by allowing more measurable transitions to be
included in the least-squares fit.

There are two potential tests to determine whether important
centrifugal distortion is being improperly modeled for both
furonitriles and to resolve the differences in the sextic centrifugal
distortion constants between the computed values, previous
work, and the combined data sets presented here. First, it has
long been a common practice to hold important centrifugal
distortion constants fixed at an estimated value (to the
corresponding value of a different vibrational state, to the
corresponding value of a different isotopologue, to a computed
value, etc.) if these constants cannot be adequately determined in
least-squares fitting. Such a practice prevents their exclusion
from impacting the values of other parameters that are being fit.
While it is unlikely that appropriate experimental values will be
available to use in these least-squares fits, it may be possible in
the future to hold the excluded octic centrifugal distortion
constants at their computed values. The computed values of the
unfit octic terms should bring the sextic constants into better
agreement with the computed values if they can account for
currently untreated centrifugal distortion. Alternatively, the data
sets for 2- and 3-furonitrile could be expanded by measuring
higher-frequency transitions with even higher J and K quantum
numbers. A sufficiently expanded data set would provide more
spectroscopic information about the octic centrifugal distortion,
making it possible to adequately determine a complete set of
octic constants and provide a better determination of the sextic
constants as a result. Even with over 10,000 independent
transitions with frequencies up to 750 GHz, however, the
spectroscopic data is insufficient to determine a complete set of
octic constants for 2-furonitrile. It is therefore likely that, even
with a better signal-to-noise ratio in the 500—750 GHz
frequency region, the addition of this data would not be
sufficient to determine all of the octic centrifugal distortion
constants for 3-furonitrile, either. Expanding the data set
sufficiently to provide enough spectroscopic information to
determine all of the octic centrifugal distortion constants
therefore represents a significant challenge. In the meantime, the
experimental sextic centrifugal distortion constants should be
considered at least slightly empirical and the computed values of
hy, @}, and ¢; should be regarded as more physically meaningful
than the values determined experimentally in this work.
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