
Millimeter-Wave and High-Resolution Infrared Spectroscopy of
2‑Furonitrile�A Highly Polar Substituted Furan
Brian J. Esselman, Maria A. Zdanovskaia, William H. Styers, Andrew N. Owen, Samuel M. Kougias,
Brant E. Billinghurst, Jianbao Zhao, R. Claude Woods,* and Robert J. McMahon*

Cite This: J. Phys. Chem. A 2023, 127, 1909−1922 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The rotational spectrum of 2-furonitrile (2-cyanofuran) has been
obtained from 140 to 750 GHz, capturing its most intense rotational transitions at
ambient temperature. 2-Furonitrile is one of two isomeric cyano-substituted furan
derivatives, both of which possess a substantial dipole moment due to the cyano
group. The large dipole of 2-furonitrile allowed over 10 000 rotational transitions
of its ground vibrational state to be observed and least-squares fit to partial octic,
A- and S-reduced Hamiltonians with low statistical uncertainty (σfit = 40 kHz).
The high-resolution infrared spectrum, obtained at the Canadian Light Source,
allowed for accurate and precise determination of the band origins of its three
lowest-energy fundamental modes (ν24, ν17, and ν23). Similar to other cyanoarenes,
the first two fundamental modes (ν24, A″, and ν17, A′, for 2-furonitrile) form an a- and b-axis Coriolis-coupled dyad. More than 7000
transitions from each of these fundamental states were fit to an octic A-reduced Hamiltonian (σfit = 48 kHz), and the combined
spectroscopic analysis determines fundamental energies of 160.1645522 (26) cm−1 and 171.9436561 (25) cm−1 for ν24 and ν17,
respectively. The least-squares fitting of this Coriolis-coupled dyad required 11 coupling terms, Ga, Ga

J , Ga
K, Ga

JJ, Ga
KK, Fbc, FbcJ , FbcK , Gb,

Gb
J , and FacK . Using both the rotational and high-resolution infrared spectra, a preliminary least-squares fit was obtained for ν23,

providing its band origin of 456.7912716 (57) cm−1. The transition frequencies and spectroscopic constants provided in this work,
when combined with theoretical or experimental nuclear quadrupole coupling constants, will provide the foundation for future
radioastronomical searches for 2-furonitrile across the frequency range of currently available radiotelescopes.

■ INTRODUCTION
Despite their prevalence in natural products, aromatic hetero-
cycles with a permanent dipole moment have eluded all
radioastronomical searches.1−5 The feasibility of radioastro-
nomical detection of a molecule depends upon its population in
the source of interest, the intensity of its rotational transitions
due to its dipole moment, and the quality of the measurements
of its laboratory transition frequencies. The rotational
spectrum6−12 and high-resolution infrared spectrum of
furan13−15 have been well investigated, but, despite the available,
high-quality laboratory spectra, this important heterocycle has
eluded detection in the interstellar medium (ISM).1,5,16 Furan
(c-C4H4O, C2v, κ = 0.916) is a near-oblate aromatic heterocycle
with an a-axis dipole moment (μa = 0.661(6) D).9 While its
relatively weak permanent dipole moment makes the detection
of furan more challenging, molecules with similar dipoles have
been detected in extraterrestrial sources, e.g., cyclopentadiene17

and indene.18

Motivated by the recent detections of aromatic ni-
triles,16,19−21 as well as the variety and abundance of nitrile-
containing molecules detected in extraterrestrial sources,22,23 we
have investigated the rotational spectra of several six-membered
ring aromatic and heteroaromatic nitriles, i.e., benzonitrile,24,25

three cyanopyridines,26−28 cyanopyrimidine,29 and cyanopyr-

azine.30 The radioastronomical detections of benzonitrile16,19

and cyanonaphthalenes19,20 provide strong evidence for the
existence of benzene and naphthalene in the ISM. Cyano
substitution of benzene and naphthalene was critical to this
conclusion, as neither parent species has a permanent dipole
moment. The recent works on cyanoarenes may lead to the
eventual detection of these species,26−30 providing similarly
strong evidence for the presence of their parent heterocycles
(pyridine, pyrimidine, and pyrazine). To provide similar
laboratory data for the astronomical community, we investigated
the rotational spectra of the two regioisomeric furonitriles
(cyanofurans) (Figure 1). Each of these species has a substantial
increase in its dipole moment relative to furan, as a consequence
of cyano substitution. Additionally, Simbizi et al. recently
determined that the formation of furan, 2-furonitrile, and 3-
furonitrile is thermodynamically favored in the conditions of the
ISM.31 For the first time, we present the rotational spectra and
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transition frequencies of 2-furonitrile. Our work with its
regioisomer, 3-furonitrile, is ongoing and will be the subject of
a future publication.
A unifying feature of the spectra of cyanoarenes is the a- and/

or b-axis Coriolis-coupled dyad of their two lowest-energy
fundamental states, the out-of-plane and in-plane vibrations of
the nitrile group. As with these previous studies,24−30 we report
the rotational spectra of the ground vibrational state and the
Coriolis-coupled dyad of the two lowest-energy fundamental
vibrational modes (ν24 and ν17). We also present a preliminary
analysis of the third fundamental mode, ν23. All three
fundamental vibrations have been analyzed by high-resolution
infrared spectroscopy, resulting in confirmation of the
spectroscopic constants and precise determination of the band
origins.

■ EXPERIMENTAL METHODS
A commercial sample of 2-furonitrile was used without
purification for all spectroscopic measurements. Using a
millimeter-wave spectrometer that has been previously
described,30,32,33 the rotational spectrum of 2-furonitrile was
collected from 140 to 230 and from 235 to 750 GHz, in a
continuous flow at room temperature, with sample pressures of
3−8 mTorr. The complete spectrum from 140 to 750 GHz was
obtained automatically over ∼2 weeks given the following
experimental parameters: 0.6 MHz/s sweep rate, 10 ms time
constant, and 50 kHz AM and 500 kHz FMmodulation 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 (August 2022) using a Bruker IFS 125 HR
Spectrometer, with synchrotron radiation and a 9.4 m optical
pathlength difference providing a nominal resolution of 0.00096
cm−1. The aperture was 1.15 mm, using a KBr beamsplitter, KBr
cell windows, and a Ge:Cu detector, housed in a QMC cryogen-
free cryostat (cooled by a Cryomech pulsed-tube cooler). The

gain was set to 6×. The cell is a 2 m, White-type multipass cell;
the total pathlength is 72 m. These spectra were obtained from
400 to 1200 cm−1 at a series of pressures for analysis of various
vibrational states, which have substantially different infrared
intensities. A uniform frequency measurement uncertainty of
0.00018 cm−1 (∼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.34,35 The AABS software suite was used to analyze
both the rotational and high-resolution infrared spectra.
Pickett’s SPFIT/SPCAT36 was used for least-squares fits and
spectral predictions, along with Kisiel’s PIFORM, PLANM, and
AC programs for analysis.37

■ COMPUTATIONAL METHODS
Electronic structure calculations were carried out with
Gaussian38 using the WebMO interface39 to obtain theoretical
spectroscopic constants. Optimized geometries at the B3LYP/6-
311+(2d,p) and MP2/6-311+(2d,p) levels were obtained using
“verytight” convergence criteria and an “ultrafine” integration
grid, and subsequent anharmonic vibrational frequency
calculations were carried out. Additional electronic structure
calculations were carried out using a development version of
CFOUR40 to obtain an optimized structure at the CCSD(T)/
cc-pCVTZ level of theory. The optimized geometry and the
same level of theory were subsequently used for anharmonic,
second-order vibrational perturbation theory (VPT2) calcu-
lations, wherein cubic force constants are evaluated using
analytical second derivatives at displaced points.41−43 Computa-
tional output files can be found in the Supporting Information.

■ RESULTS AND DISCUSSION
Spectral Analysis. The recently expanded frequency range

of our instrument allowed us to measure the rotational spectrum
of 2-furonitrile up to 750 GHz,30 a frequency coverage well
beyond that used in some of our previous works on cyanoarenes
(up to 375 GHz24−27 or up to 500 GHz28,29). Spectral coverage
up to 750 GHz is the nearly optimal range at ambient laboratory
temperature (Figure 2), capturing nearly all of the most intense
a- and b-type transitions for 2-furonitrile. The smaller size of the
2-furonitrile core reduces its mass and increases its rotational
constants relative to the six-membered-ring cyanoarenes. The
result of the smaller ring size and mass is twofold: an increased

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

Figure 2. Predicted spectrum (SPCAT) of the ground vibrational state of 2-furonitrile to 750 GHz at 292 K.
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value of C0 (∼1663 MHz) leads to increased spacing of the low-
Ka bands. The spectral coverage allows the observation of the Ka
= 0 series transitions with a value of J″ + 1 = 42 near 140 GHz,
increasing to J″ + 1 = 225 just below 750 GHz. Though the
population of these transitions is quite small and the highest
J″ + 1 of a Ka = 0 transition included in the data set is 190, the
spectral range is comparable to that of cyanopyrazine.30 This
range of J″ + 1 (and the resulting range ofKa) quantum numbers
provides a wealth of spectroscopic information on the
centrifugal distortion and consequently necessitates a partial
octic Hamiltonian to adequately model the spectrum.30

The ground-state rotational spectrum of 2-furonitrile (Cs, μa =
4.3 D, μb = 0.7 D, MP2; κ = −0.901) has not been previously
investigated. The strong electron-withdrawing effect of the
nitrile group, combined with the oxygen atom within the furan
ring, results in a stronger a-axis and weaker b-axis dipolemoment
(Figure 3). The a-axis dipole is predominantly due to the nitrile

substituent, which lies very close to that axis. The b-axis dipole is
similar in magnitude to the a-axis dipole of furan, 0.661(6) D.9

The large difference in the a- and b-axis dipole components
results in R-branch, a-type transitions (dominant in the
spectrum below ca. 550 GHz) that are roughly 40 times more
intense than the R-branch b-type transitions. As seen in Figure 2,
when the intensity of the a-type transitions fades out at high
values of J″ + 1, the spectrum consists predominantly of b-type
R-branch transitions. Below 550 GHz, the rotational spectrum
of 2-furonitrile is quite similar to the other cyanoarenes and is
dominated by intense aR0,1 transitions, which form oblate-type
band structures (Figure 4).

Ground-State Spectrum of 2-Furonitrile. For the ground
vibrational state of 2-furonitrile, the spectral density and
frequency range investigated allowed over 10 000 transitions
to be measured, assigned, and least-squares fit (σfit = 34 kHz) to
both S- and A-reduced Hamiltonians in the Ir representation.
The resulting spectroscopic constants are provided in Table 1,
along with their corresponding computed values. To adequately
model the extensive data set (Figure 5), which ranged from
J″ + 1 = 8 to 190 and Ka = 0 to 59, a near-complete octic
Hamiltonian was required. Only the off-diagonal l1 and lJJK terms
could not be determined in their respective reductions. Their
values were held constant at zero, as no readily available
computational software method has been implemented to
estimate these terms. The B3LYP,MP2 (provided in Supporting
Information Tables S2 and S3), and CCSD(T) spectroscopic
constants are in excellent agreement with the experimental
values. Fortuitously, the B3LYP calculations provide a closer
estimate of the A0, B0, and C0 values than the higher-level ab
initio calculations. The B3LYP-computed rotational constants
differ from the experimental values by less than 1.6 MHz
(0.08%). The MP2 and CCSD(T) rotational constants differ
from the experimental values by less than 0.6%. In contrast, the
centrifugal distortion constants of 2-furonitrile are better
predicted using either of the ab initiomethods. The S-reduction
CCSD(T) quartic distortion constants vary by less than 5% from
the experimental values, with the exception of DK, which has a
20% error. Similarly, all of the S-reduction CCSD(T) quartic
distortion constants vary by less than 5%, with the exceptions of
the two purely J-dependent terms HJ and hJ. As no previous
experimental spectroscopic constants have been reported for 2-
furonitrile, B3LYP-computed values were used to make a priori
predictions of the rotational spectrum. These predictions were
sufficient to identify and easily assign its transitions in the
experimental spectrum.

Coriolis-Coupled Dyad of ν24 and ν17. Similar to other
cyanoarenes,25−30 the lowest-energy fundamental modes of 2-
furonitrile are the Coriolis-coupled, out-of-plane (ν24, A″) and
in-plane (ν17, A′) bends of the nitrile group with large nitrogen-
atom motions. The energy separations of these vibrations are all
greater than 15 cm−1 for the cyanoarenes with six-membered
rings, Table 2. In each of these cases, the lowest-energy

Figure 3. 2-Furonitrile (Cs, μa = 4.3 D, μb = 0.7 D; MP2) structure with
principal inertial axes.

Figure 4. Predicted (top) and experimental (bottom) rotational spectra of 2-furonitrile from 376.5 to 381 GHz. The predicted ground-state spectrum,
with prominent transitions for the J″ + 1 = 113 and J″ + 1 = 114 bands, appears in black. Transitions for ν24 are in magenta, and transitions for ν17 are in
dark green. Unassigned transitions in the experimental spectrum are attributable to higher-energy vibrationally excited states of 2-furonitrile.
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fundamental is the out-of-plane vibration, indicating a lower
energy cost for the out-of-plane bending of the cyano substituent
relative to the in-plane bend for these species. Neither of these
vibrational modes was observed in the previous low-resolution,
gas-phase infrared study of 2-furonitrile.44 These two modes
form a dyad of vibrational states that are well separated (Figure
6) from the vibrational ground state, the two-quanta vibrational
states (2ν24, ν24 + ν17, and 2ν17), and the third fundamental
mode (ν23, A″). Due to the Cs symmetry of 2-furonitrile, ν24 and
ν17 have both a- and b-axis Coriolis couplings. The initial
predictions of the rotational spectra for ν24 and ν17 were made
using the experimental ground-state rotational constants,
computational vibration−rotation interaction constants,
ground-state centrifugal distortion constants, and computed
Ga and Gb Coriolis-coupling constants. A partial octic, Coriolis-
coupled dyad Hamiltonian was employed, similar to our
previous works involving analogous nitrile vibrational
modes.24−27,30,45,46 From this initial prediction and subsequent
measurement, assignment, and least-squares fitting of the
millimeter-wave data, spectroscopic constants were obtained,
including an accurate and precise energy separation between ν24
and ν17. This preliminary least-squares fit provided the
foundation for the subsequent analysis of the high-resolution
infrared spectrum obtained from CLS.

To determine the band origins for these modes, high-
resolution infrared spectra were obtained at the Canadian Light
Source. Similar to our previous study of benzonitrile,24,25 the
spectroscopic constants from the rotational spectrum allowed us
to efficiently assign and least-squares fit transitions from the
infrared spectrum. Analyzing the infrared spectra with rotational
constants from a data set that had a broader range of J and Ka
values than could be observed in the infrared spectrum was
fortunate, as the infrared intensities of each mode are rather
weak. The CCSD(T)-predicted integrated intensities of these
vibrational transitions are 0.43 and 2.8 km/mol for ν24 and ν17,
respectively. As shown in Figure 7, the c-type infrared spectrum
of ν24 is much weaker than the a- and b-type transitions of ν17.
Due to their relative intensities and close proximity in the IR
spectrum with a ΔE24,17 value of 11.7791039 (36) cm−1, the
transitions of ν24 are almost completely obscured by the
transitions of ν17. With accurate and precise spectroscopic
constants from a preliminary least-squares fit of the millimeter-
wave transitions and computed transition dipoles, we were able
to predict the infrared spectrum of ν24 such that only the band
origin did not match the experimental spectrum. Use of
Loomis−Wood plots allowed us to readily assign, measure,
and least-squares fit the rotationally resolved transitions of ν17,
providing the ν17 band origin. With theΔE24,17 value determined

Table 1. Experimental and Computational Spectroscopic Constants for the Ground Vibrational State of 2-Furonitrile (S- and A-
Reduced Hamiltonian, Ir Representation)

S reduction, Ir representation A reduction, Ir representation

experimental B3LYPa CCSD(T)b experimental B3LYPa CCSD(T)b

A0 (MHz) 9220.25142 (10) 9220 9173 A0 (MHz) 9220.25121 (10) 9220 9173
B0 (MHz) 2029.274136 (17) 2031 2020 B0 (MHz) 2029.277357 (17) 2031 2020
C0 (MHz) 1662.643524 (17) 1664 1655 C0 (MHz) 1662.640345 (17) 1664 1655
DJ (kHz) 0.0596802 (19) 0.0572 0.0568 J (kHz) 0.0796708 (19) 0.0757 0.0762
DJK (kHz) 2.910358 (21) 2.75 2.89 JK (kHz) 2.790339 (21) 2.64 2.89
DK (kHz) 0.29747 (20) 0.420 0.237 K (kHz) 0.39739 (20) 0.512 0.218
d1 (kHz) −0.01517569 (50) −0.0144 −0.0144 δJ (kHz) 0.01517638 (53) 0.0144 0.0144
d2 (kHz) −0.00999786 (30) −0.00925 −0.00966 δK (kHz) 1.608947 (46) 1.50 1.63

HJ (Hz) −0.000028009 (84) −0.0000282 −0.00003220 J (Hz) 0.000009193 (91) 0.00000380 0.00000390
HJK (Hz) 0.0045065 (17) 0.00386 0.00441 JK (Hz) 0.0066278 (65) 0.00571 0.00645
HKJ (Hz) −0.035910 (15) −0.0315 −0.0363 KJ (Hz) −0.043606 (26) −0.0382 −0.0436
HK (Hz) 0.03381 (16) 0.0292 0.0334 K (Hz) 0.03931 (16) 0.0340 0.0387
h1 (Hz) −0.000000851 (15) −0.00000151 −0.00000180 ϕJ (Hz) 0.000002606 (17) 0.00000163 0.00000170
h2 (Hz) 0.000018831 (30) 0.0000160 0.0000180 ϕJK (Hz) 0.0033275 (43) 0.0029 0.00325
h3 (Hz) 0.000003719 (13) 0.00000314 0.00000350 ϕK (Hz) 0.04928 (17) 0.04302 0.04786

LJ (mHz) 0.0000000173 (13) LJ (mHz) −0.0000000358 (15)
LJJK (mHz) −0.000011414 (32) LJJK (mHz) −0.00001420 (18)
LJK (mHz) 0.00015018 (50) LJK (mHz) 0.00011551 (72)
LKKJ
(mHz)

−0.0015285 (40) LKKJ
(mHz)

−0.0013964 (40)

LK (mHz) 0.001142 (44) LK (mHz) 0.001052 (44)
lJJK (mHz) [0.] lJ (mHz) [0.]
lJK (mHz) −0.00000003136 (69) lJK (mHz) −0.000006118 (94)
lKKJ (mHz) −0.00000000698 (45) lKJ (mHz) −0.0000363 (49)
lK (mHz) −0.00000000161 (12) lK (mHz) [0.]

i (uÅ2)c,d 0.105059 (4) i (uÅ2)c,d 0.106034 (4)
Nlines

e 10143 Nlines
e 10143

σfit (MHz) 0.040 σfit (MHz) 0.040
aEvaluated with the 6-311+G(2d,p) basis set. bEvaluated with the cc-pCVTZ basis set. cInertial defect, i = Ic − Ia − Ib.

dCalculated using PLANM
from the B0 constants.

eNumber of fitted transition frequencies.
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from the rotational transitions and the IR-determined band
origin of ν17, the weak transitions of ν24 were predicted within
experimental error and readily assigned. Due to their weak
intensity, however, very few ν24 transitions were obtained. The
combined data set was least-squares fit using an octic A-reduced
Hamiltonian in the Ir representation using SPFIT. The resulting
spectroscopic constants are provided in Table 3 along with the
ground-state spectroscopic constants for convenient compar-
ison. Data set distribution plots showing both the rotational and
infrared transitions included in the final data set are provided in
Figures 8 and 9, respectively.
The final least-squares fit of the Coriolis-coupled dyad (ν24

and ν17) contained over 7000 rotational transitions for each
vibrational state, including many transitions involving energy
levels perturbed by the interaction, many intensely shifted
resonant transitions created by nearly degenerate energy levels
of ν24 and ν17, and 37 formally forbidden, coupling-allowed,
nominal interstate transitions. A least-squares fit (A reduction, Ir
representation) with a nearly complete set of sextic distortion
constants for each vibrationally excited state (excluding K for
ν17 and K and ϕK for both states) was obtained. This is a
consequence of the broad range of quantum numbers of the
transitions (11−185 in J″ + 1 and 0−52 in Ka for ν24; 12−182 in
J″ + 1 and 0−50 inKa for ν17) and the inclusion of many strongly
perturbed transitions in the data set. Despite the presence of
many a- and b-type transitions for each vibrationally excited
state, the statistical uncertainties are quite large (480 kHz) for
the values of A24 and A17. The relatively poor determination of
the A rotational constants and the inability to satisfactorily
determine the K-dependent centrifugal distortion constants are
related to the large a-axis Coriolis coupling that exists between
these vibrationally excited states. Various combinations of a- and
b-type coupling constants were employed to adequately model
the observed rotational and infrared transitions. Despite the
extensive data set, it was quite difficult to find a set of
spectroscopic constants that would converge with low statistical
uncertainty. In the end, the fit presented in this work includes 11

Figure 5.Data distribution plots for the least-squares fit of spectroscopic data for the vibrational ground state of 2-furonitrile. The size of the open circle
is proportional to the value of |( fobs. − fcalc.)/δf |, where δf is the frequency measurement uncertainty, and all values are smaller than 3. The density of
transitions is sufficiently large that many of the open circles are overlapping.

Table 2. Energy Difference Between Out-of-Plane and In-
Plane Nitrile Bending Modes for Cyanoarenes

out-of-plane in-plane ΔE (cm−1)

benzonitrile24,25 ν22, B1 ν33, B2 19.1081701 (74)
3-cyanopyridine27 ν30, A″ ν21, A′ 15.7524693 (37)
4-cyanopyridine26 ν20, B1 ν30, B2 18.806554 (11)
2-cyanopyrimidine29 ν18, B1 ν27, B2 38.9673191 (77)
cyanopyrazine30 ν27, A″ ν19, A′ 24.8245962 (60)
2-furonitrile (this work) ν24, A″ ν17, A′ 11.7791039 (36)

Figure 6.Vibrational energy levels of 2-furonitrile below 600 cm−1 from
previous gas-phase experimental measurements44 or extrapolated from
their observed fundamentals. The energy values of ν24 (magenta), ν17
(dark green), and ν23 (blue) result from the experimental analysis of
those vibrational states in this work. Energy levels of vibrational states
not analyzed in this work are provided with fundamental states in black,
overtone states in blue-gray, and combination states in dark red.
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Figure 7. Predicted stick spectra of ν24 (magenta) and ν17 (dark green) of 2-furonitrile (top) and the experimental high-resolution infrared spectrum
(bottom).

Table 3. Experimental Spectroscopic Constants for the Ground State and Vibrationally Excited States ν24 and ν17 of 2-Furonitrile
(A-Reduced Hamiltonian, Ir Representation)

aGround-state constants reproduced from Table 1 for convenient comparison to those of ν24 (magenta) and ν17 (dark green). bAnharmonic
vibrational frequency predicted using MP2/6-311+G(2d,p). cConstants that could not be experimentally determined, including those not explicitly
shown, were held constant at the corresponding ground-state value. dInertial defect, i = Ic − Ia − Ib.

eCalculated using PLANM from the B0
constants. fNumber of fitted transition frequencies.
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Coriolis coupling coefficients (Ga, Ga
J , Ga

K, Ga
JJ, Ga

KK, Fbc, FbcJ FbcK ,
Gb, Gb

J , and FacK). Attempts to include Fac in the least-squares fit
were not successful. We were not able to remove many of the
correlations between the spectroscopic constants. We were,
however, able to obtain a satisfactory fit that reproduced the
spectroscopic data, including the highly perturbed resonant
transitions and the coupling-allowed nominal interstate
transitions.
As shown in Table 4, there is excellent agreement between the

computed vibration−rotation interaction constants (B0−Bv and
C0−Cv) and their experimental values. Regardless of the level of
theory (B3LYP,MP2, or CCSD(T)), the computed values agree

within 0.2%, making them highly useful a priori predictive values
when combined with the experimental ground-state constants.
The A0−Av values do not show good agreement between theory
and experiment, revealing the likely presence of untreated
Coriolis coupling between ν24 and ν17 in both the experimental
and computational values. These values show the tell-tale signs
of untreated interactions between ν24 and ν17, namely, large
changes in theAv rotational constant relative to theA0 value with
opposite signs and similar magnitudes for the two vibrationally
excited states. The CCSD(T) values are highly perturbed, as the
CFOUR algorithms do not deperturb the constants. Thus, these
computed values are expected to be strongly impacted by the

Figure 8.Data distribution plots for the least-squares fit of spectroscopic data for the pure rotational transitions of ν24 and ν17 of 2-furonitrile. The size
of the open circle is proportional to the value of |( fobs. − fcalc.)/δf |, where δf is the assumed frequency measurement uncertainty of the rotational
spectrum (0.050MHz). There are only a limited number of transitions with such values greater than 3, and those are plotted in red, demonstrating that
there is no systematic pattern of deviations from the assumed Hamiltonian.
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large a-axis Coriolis coupling and a close agreement between the
computed and experimental vibration−rotation interaction
constants is not expected for ν24 or ν17 along the a-axis. This
analysis is further supported by the close agreement between the
average value of the vibration−rotation interaction constants
(Table 4), which should remove the impact of untreated
interactions between ν24 and ν17. The average changes in the Av
rotational constants are in much closer agreement between
theory and experiment for all three computational methods.
Additionally, all three computational methods produce Coriolis
zeta constants that are in good agreement with their
experimental values, all of which would be adequate for initial
predictions of the low-Ka series for each vibrationally excited

state. The unscaled computed CCSD(T) band origins of ν24, ν17,
and ν23 are too high by 1−2 cm−1. The computed energy
difference between ν24 and ν17 (ΔE24,17) differs from the
experimental value determined in this work by only 0.6 cm−1. A
previous, low-resolution, gas- and liquid-phase, infrared and
Raman study of 2-furonitrile identified two vibrational modes at
185 and 230 cm−1.44 Based upon the new measurements of the
band origins of ν24 and ν17, along with that of ν23 (vide inf ra), it is
unclear what spectroscopic features were observed in the
previous work.
Despite the aforementioned issues with the least-squares fit,

the ability to model the frequencies of nominal interstate
transitions or many transitions whose frequency is intensely

Figure 9. Data distribution plots for the least-squares fit of spectroscopic data for the rotationally resolved infrared transitions of ν24 and ν17 of 2-
furonitrile. The size of the symbol is proportional to the value of |( fobs. − fcalc.)/δf |, where δf is the assumed IR frequency measurement uncertainty (6
MHz), and all values are smaller than 3.
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perturbed by Coriolis interaction provides strong evidence that
the system is otherwise well treated. Sharp b-type resonances are
observed due to the mixing of ν24 and ν17 energy levels that are
nearly degenerate, as shown in Figures 10−12. These sharp
resonances are caused by a change in one of the energy levels
associated with the resonant transition via Coriolis interaction.
Typically, both energy levels experience a shift due to the global
interaction and one level experiences a large shift associated with
an energy-level crossing (as a function of J). The global
interaction and the level crossings generally follow different ΔK
selection rules. Figure 10 displays two intense b-type resonances
(ΔKa = 3) at J″ + 1 = 77 and 109 for theKa = 15+ series of ν24 and
the Ka = 12+ series of ν17, respectively. These resonant
transitions are displaced from their unperturbed frequencies
by about 1.3 and 2 GHz, respectively. b-Type resonances
dominate the spectrum between the Ka

+ series of ν24 and ν17. As
shown in Figures 11 and 12, the sharp resonances are
accompanied by large undulations that progress to higher
J″ + 1 values as a function of Ka. The sharp resonances, sets of a
few transitions with highly perturbed frequencies, are created by
intense state mixing that is localized to a few values of J″, caused
by a large shift in one of the energy levels associated with the
transition. The resonances grow in intensity and likewise move
to progressively higher J″ + 1 values as a function ofKa. The large
undulations shown in these series of constant Ka transitions are
caused by changes in both the spectroscopic constants between
the ground and vibrationally excited states and the Coriolis
coupling. These undulations result in transitions with highly
perturbed frequencies that gradually change as a function of J″
rather than being localized to a few values of J″. Initial fitting of
these undulations provides refinement of both types of
spectroscopic constants, but many of the sharp local resonances

Table 4. Vibration−Rotation Interaction and Coriolis-Coupling Constants of the ν24-ν17 Dyad of 2-Furonitrile

experimental B3LYPa MP2a CCSD(T)b

A0−A24 (MHz) 28.75 (48) 13.4 13.1 728.33
B0−B24 (MHz) −3.069059 (42) −2.94 −3.01 −2.98
C0−C24 (MHz) −3.279629 (34) −3.16 −3.22 −3.24

A0−A17 (MHz) −25.68 (48) −10.5 −11.0 −725.65
B0−B17 (MHz) −4.857464 (44) −4.61 −4.82 −4.86
C0−C17 (MHz) −1.561746 (29) −1.46 −1.56 −1.56

A0−A23 (MHz) 126.4341 (31) 133.5 125.2 130.061
B0−B23 (MHz) −1.39604 (80) −1.19 −1.41 −1.38
C0−C23 (MHz) −1.69951 (66) −1.16 −1.64 −1.64

A A A A( ) ( )
2

0 24 0 17+ (MHz) 1.54 (34) 1.49 1.05 1.34

B B B B( ) ( )
2

0 24 0 17+ (MHz) −3.963262 (30) −3.77 −3.92 −3.92

C C C C( ) ( )
2

0 24 0 17+ (MHz) −2.420687 (22) −2.31 −2.39 −2.40

|ζ24,17a | 0.0806 0.812 0.817 0.815
|ζ24,17b | 0.029 0.028 0.026 0.028

E24 (cm−1) 160.1645522 (26) 165.8 164.7 161.4
E17 (cm−1) 171.9436561 (25) 179.3 175.4 172.6
E23 (cm−1) 456.7912716 (57) 480.3 458.3 457.9

E24,17 (cm−1) 11.7791039 (36) 13.5 10.6 11.2
aEvaluated with the 6-311+G(2d,p) basis set. bEvaluated with the cc-pCVTZ basis set.

Figure 10.Resonance plots for 2-furonitrile showing theKa = 15+ series
for ν24 and the Ka = 12+ series for ν17. These two resonances conform to
the ΔKa = 3 selection rule for b-type resonances. The plotted values are
frequency differences between excited-state transitions and their
ground-state counterparts (ν − ν0), scaled by (J″ + 1) to make the
plots more horizontal. Measured transitions are represented by circles:
ν24 (magenta), ν17 (dark green). Red circles indicate transitions whose
obs. − calc. value exceeds 150 kHz. Predictions from the final coupled fit
are represented by a solid, black line.
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need to be included in the fit to determine precise values of the
coupling coefficients and the energy separation between the two
vibrationally excited states.
As evidenced in the higher J″ + 1 region of the resonance

progression plots of Figures 11 and 12, the intense state mixing
also causes SPFIT/SPCAT to change the state labels on the Ka
series, resulting in the observed discontinuities. Transitions near
or at the discontinuity were often excluded from the least-
squares fitting, for convenience, as their quantum number
assignments were not stable. While these frequencies are
correctly assigned and can be predicted within the experimental
uncertainty to transitions of the coupled dyad, the intense state
mixing makes their quantum number assignments ambiguous.
Given the very large data set, removal of these transitions had no
noticeable negative impact on the least-squares fit.

The aforementioned resonances and discontinuities are due
to the state mixing caused by the Coriolis coupling between ν24
and ν17, which causes observably intense coupling-allowed
nominal interstate transitions. These formally forbidden,
nominal interstate rotational transitions are observable from
the energy levels with the most intense state mixing, which often
correspond to the energy levels involved in the most perturbed
transition frequencies. An example of a set of nominal interstate
transitions and their in-state counterparts is illustrated in Figure
13. These nominal interstate transitions share energy levels with
the in-state resonant transitions; thus, the average of the
interstate and intrastate transitions must be identical. In the case
of the transitions depicted in Figure 13, the frequency averages
agree to a fortuitously low value of 1 kHz. The inclusion of the
many b-type resonant transitions and the nominal interstate

Figure 11. Superimposed resonance plots of ν24 for aR0,1 even-Ka
+ series from 2 to 30 for 2-furonitrile. Measured transitions are omitted for clarity, but

they are indistinguishable from the plotted values on this scale. The plotted values are frequency differences between excited-state transitions and their
ground-state counterparts (ν − ν0), scaled by (J″ + 1).

Figure 12. Superimposed resonance plots of ν24 for aR0,1 odd-Ka
− series from 3 to 31 for 2-furonitrile. Measured transitions are omitted for clarity, but

they are indistinguishable from the plotted values on this scale. The plotted values are frequency differences between excited-state transitions and their
ground-state counterparts (ν − ν0), scaled by (J″ + 1).
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transitions provides a very substantial constraint on the ΔE24,17
value and the Coriolis coupling values. Thus, we are confident
that the spectroscopic constants, including at least the lower-
order Coriolis coupling terms, are well determined and likely to
be physically meaningful, with the exception of the ambiguity
regarding the Av constants. While there may be other least-
squares fits possible from this set of data, the presented constants
are likely to be predictive of transitions of somewhat higher
frequency and also substantially lower frequency.
Coupled Triad of 2ν24, ν24 + ν17, and 2ν17. Within the

vibrational energy manifold of 2-furonitrile (Figure 6), the next
lowest-energy vibrationally excited states are the overtone and
combination states (2ν24, ν24 + ν17, and 2ν17) centered at about
340 cm−1. These states form a Coriolis- and Darling−Dennison-
coupled triad similar to that observed for benzonitrile.25 The
excellent fit of the ground vibrational state and the Coriolis-

coupled dyad of ν24 and ν17 provides a strong indicator that
modeling of the transitions of this triad does not require
treatment of interactions with the lower-energy vibrationally
excited states. The energy separation of ∼150 cm−1 between the
dyad and triad is sufficient for these states to prevent strong
interactions between them. It is likely that these three states can
be modeled as a triad, given that the next fundamental, ν23, lies
∼100 cm−1 higher in energy, but we cannot entirely preclude a
significant interaction between ν23 and the triad. Though
beyond the scope of this work, the measurement, assignment,
and least-squares fitting of these states are underway, facilitated
using extrapolated spectroscopic constants from the ground
state, ν24, and ν17 and known relationships between the dyad and
triad Coriolis-coupling terms and other parameters.

Vibrational Modes from 450 to 600 cm−1, ν23, 3ν24,
2ν24 + ν17, ν24 + 2ν17, 3ν17, ν16, ν15, and ν22. The third

Figure 13. Energy diagram (left) depicting a representative matched pair of nominal interstate transitions between the ν24 (magenta) and ν17 (dark
green) vibrational states of 2-furonitrile. Standard aR0,1 transitions within vibrational states are denoted by vertical arrows. The diagonal, dashed arrows
indicate nominal interstate transitions that are formally forbidden, but enabled as a result of rotational energy-level mixing. Values printed on each of
the arrows are the corresponding transition frequency (inMHz) with its obs.− calc. value in parentheses. The marked energy separation is between the
two strongly interacting rotational energy levels. Resonance plots (right) of the Ka series of ν24 and ν17 that contain the corresponding resonant
transitions identified with a blue box.

Figure 14. Predicted stick spectrum of ν23 (blue) of 2-furonitrile (top) and the experimental high-resolution infrared spectrum (bottom). Rotationally
resolved, infrared transitions for hot bands associated with ν23 are visible in the experimental spectrum, including the large Q-branches clearly visible at
slightly lower frequencies than the Q-branch of ν23.
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fundamental, ν23 (A″, 457 cm−1),44 is an out-of-plane C−C−N
bending mode of the cyano substituent with large amplitude
motion of the central carbon atom and a smaller amplitude out-
of-plane ring deformation. With rotational transitions about
10% as intense as those of the ground state, transitions for ν23
were readily assigned using the ground-state rotational constants
and the computed vibration−rotation interaction constants.
The ν23 band consists of c-type infrared transitions (Figure 14)
predicted to be nearly as intense as ν17, allowing the infrared
transitions to be readily assigned from spectroscopic constants
determined via its rotational spectrum. It quickly became clear
that the transitions could not be fully treated with a single-state
Hamiltonian model, due to coupling interactions with near-
energy states. Fundamental ν23 has expected a- and b-axis
Coriolis interactions with ν16 (A′, 535 cm−1),44 |ζ23,16a | = 0.934
and |ζ23,16b | = 0.006 (CCSD(T)). Fundamental ν16 may also have
significant Coriolis interactions with ν22 and ν15, though the
computed |ζ22,16x |, |ζ16,15c |, and |ζ22,15x | values are much smaller.
There may be additional interactions with the nearby tetrad of
ν24 and ν17 three-quanta states, but this interaction is less likely
due to the large changes in energy-level quantum numbers. In
light of the complexity of these interactions, we present only a
preliminary analysis of ν23 in this work, which provides effective
spectroscopic constants and an accurate and precise band origin
but does not treat any coupling interactions.
The effective A-reduction spectroscopic constants of ν23 in

the Ir representation determined from a combined data set of
rotational and infrared transitions are provided in Table 5. A
data set distribution plot can be found in the Supporting

Information for ν23. To obtain a reasonable effective fit, many
observed transitions were excluded from the data set. Despite
the effective nature of the fit, there is generally good agreement
between the computed vibration−rotation interaction constants
and their experimental values (Table 4). All of the computed and
experimental A0−A23 values exceed 125 MHz, indicating that
they are likely to reflect untreated Coriolis interactions with ν16.
This interpretation is corroborated by the similarly large and
opposite-signed CCSD(T) computed value of A0−A16 of −129
MHz. There is also generally good agreement between the
centrifugal distortion constants of the ground state and ν23, with
the notable exceptions of the on-diagonal, K-dependent terms
( K and K). The experimental value of K for ν23 is larger by an
order of magnitude and of the opposite sign than its ground-
state counterpart. This relationship is not surprising, as the
untreated a-axis coupling between ν23 and ν16, as well as any
potential interactions with other nearby vibrational states, are
being absorbed by A23 and the K-dependent centrifugal
distortion constants. The experimental value of K for ν23 is
larger by 2 orders of magnitude than the ground-state value.
Attempts to fix these terms at their ground-state values resulted
in high-error least-squares fits or resulted in the removal of many
hundreds of transitions from the data set. Despite these
limitations of the presented one-state fit, we are confident that
the band origin of ν23 is precise and accurate.

■ CONCLUSIONS
Considering the prevalence of nitrile-substituted species among
those that have been detected extraterrestrially and the

Table 5. Experimental Spectroscopic Constants for Ground State and Vibrationally Excited State ν23 of 2-Furonitrile (A-Reduced
Hamiltonian, Ir Representation)

aGround state (black) constants reproduced from Table 1 for convenient comparison to those of ν23 (blue). bAnharmonic vibrational frequency
predicted using MP2/6-311+G(2d,p). cConstants that could not be experimentally determined, including those not explicitly shown, were held
constant at the corresponding ground-state value. dInertial defect, i = Ic − Ia − Ib.

eCalculated using PLANM from the B0 constants.
fNumber of

fitted transition frequencies.
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likelihood of nitrile-substituted species being present in highly
nitrogen-rich environments, e.g., Saturn’s moon, Titan, the
acquisition and analysis of laboratory spectra of various cyano-
substituted species is an important effort. Such molecules have
already proven useful in serving as tracer molecules for parent
species with smaller or nonexistent permanent dipole moments,
e.g., benzene and benzonitrile. Furan has thus far eluded
detection in the interstellar medium. The spectroscopic
constants and transition frequencies for 2-furonitrile presented
in this work now allow it to serve as a potential tracer molecule
for its less polar parent compound in extraterrestrial environ-
ments.
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