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ABSTRACT

Furan, a prototypical heteroaromatic cyclic ether, is an important molecule that has garnered attention from a wide range of fields, from food and health research to
combustion and atmospheric chemistry. Chirped-pulse Fourier-transform rotational spectroscopy of jet-cooled furan in the W-band across three narrow regions
79.3-79.45 GHz, 88.6-88.8 GHz, and 97.95-98.15 GHz is reported here. A pyrolysis nozzle was used to efficiently populate vibrationally excited states of low-
frequency modes. Apart from the v = 0 state, vibrationally excited v = 1 states of modes v11, V14, V10, and v13 were observed. Furan is a planar molecule and
these observed excited state modes correspond to out-of-plane vibrations. The v = 0 state and the vibrationally excited v1; and v14 were previously recorded and fit by
Barnum et al (T. J. Barnum, K. L. K. Lee, B. A. McGuire, ACS Earth Space Chem. 5 (2021), 2986-2994). Rotational transitions in the J"=5 to 9 rotational states were
fit for the previously undetected v;o mode and experimental linelists for v = 1 states of modes v;o and v;3 are provided, both of which are out-of-plane CH bending
modes. Inertial defect was shown to be a useful quantity to extract structural information of vibrational modes of planar asymmetric tops. These rotational fits will

assist astronomical searches for furan and its vibrational states.

1. Introduction

Furan (c-C4H40) is a planar, heterocyclic, aromatic, 5-membered
ring compound. Furan has attracted attention from many distinct
fields. It is widely used as an organic solvent in synthetic chemistry and
as a combustion control compound [1]. It is present as a volatile organic
compound (VOC) in the atmosphere [2,3] and, at trace levels, as a fla-
vorant in food[3,4]. Furan and its derivatives are air pollutants[5] that
are classified as persistent organic pollutants,[6-8] and have been
involved in environmental disasters[9]. Furan also has harmful health
effects and is possibly carcinogenic in large quantities.[3,4] As the
prototypical cyclic ether and the smallest stable heteroaromatic mole-
cule, furan is attractive for fundamental research. Specifically in the gas
phase, furan is a molecule of interest in astrochemistry, atmospheric
chemistry, and combustion chemistry.

Five-membered unsaturated heterocycles, such as furan, are essen-
tial precursors to the formation of nucleic acids, which are essential
building blocks of life.[10] In addition, furanose is a non-aromatic de-
rivative of furan that is involved in nucleotide synthesis.[11] Although
not yet detected in the interstellar medium (ISM), furan is an astro-
chemically relevant molecule, predicted to exist in a range of different
environments.[12,13] Terrestrially, furan is thermally generated in
processes such as cooking and combustion.[2-4,14,15] Given its
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relevance to multiple areas of research, furan reactivity and its pro-
duction in gas-phase chemistry has garnered much attention. It has been
a subject of fundamental research,[16-25] and research focused on at-
mospheric chemistry,[26-31] combustion chemistry,[32-34] and
astrochemistry[35,36].

Furan, belonging to the Cyy point group, is a near-oblate top with an
a-axis dipole. As noted by Mellouki et al,[37] there has been confusion
regarding assignments of the symmetry labels B; and B, in the Cyy point
group, and this confusion is evident across the spectroscopic literature
involving furan.[35,37-41] The updated symmetry labels, defined by
Bunker and Jensen,[42] which are in agreement with IUPAC recom-
mendations,[43] were followed in more recent studies.[35,38] The
updated list of normal modes and symmetry labels, along with figures
that describe the vibrational modes, can be found in the article by
Mellouki et al.[37] Previous work on furan using pure rotational and
rotationally resolved spectroscopies has been performed on the ground
vibrational state and several low-lying vibrational states. The ground
state of furan, including its 3C and deuterated isotopologues, have been
well characterized via rotational spectroscopy.[35,44-47] The two
lowest frequency vibrational modes v11 (A2) and v14 (B;) have also been
studied, including a Coriolis interaction.[35,38] Higher frequency
modes, v13 (B1),[39] v7 (A1),[48] v1g (B2),[38] v19 (B2),[38] and v (A1)
[49], have been studied as well by infrared (IR) spectroscopy.
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Still, the rotational structure of several lower frequency vibrational
modes of furan remains unexplored. Some of these vibrational modes
involve symmetry-forbidden transitions from the ground state. They are
thus inaccessible to rotationally-resolved optical or high-resolution IR
spectroscopic techniques. Pure-rotational spectroscopy, however, is not
subject to such symmetry restrictions, as the rotational transitions occur
within the same vibrational state. We performed pure-rotational spec-
troscopy on furan seeded in a pulsed helium supersonic jet, using a
chirped-pulse Fourier-transform millimeter-wave (CP-FTmmW) spec-
trometer in an effort to further explore the ro-vibrational landscape of
furan. With its multiplexed detection scheme, the rate of data acquisi-
tion for CP-FTmmW is about 1000 times faster than a frequency-tuned
cavity spectrometer, the previous state-of-the-art technique.[50,51] A
heated pyrolysis nozzle was used to observe rotational transitions in
vibrationally excited states, called vibrational satellites.

We observed pure rotational transitions in the ground state as well as
in four of the lowest-frequency vibrational modes. The fits of the ground
state and the v11 (A, 600 cm ™) and v14 (B, 603 em™ Y out-of-plane ring
deformation modes were taken from the CP-FTmmW work by Barnum
et al.[35] The fit for the out-of-plane CH bending mode vi3 (By, 745
em™!) was obtained from high-resolution IR spectroscopy work by
Pankoke et al.[39] Vibrational satellites of the previously unobserved
v10 (Ag, 721 em™Y) mode, which is also an out-of-plane CH bending
mode (Fig. 1), were detected within our spectra and the transitions were
fit. This work also demonstrates the utility of the Chen-type pyrolysis
nozzle[52] to populate and study vibrationally excited states in a su-
personic jet, which are otherwise difficult to detect.[35].

We are also aware of a combined high-resolution IR and mm-wave
study of the ground state and vibrationally excited states of furan that
is currently underway, using data collected at the University of
Wisconsin-Madison and the Canadian Light Source.[53] The millimeter
wave (mmW) experiments are being carried out in a static cell, in the
130-375 GHz region. We view our work as complementary to this more
extensive study, because many radio telescopes operate in the W-band
region that we exploit in this study. Additionally, our work is performed
at cold temperatures similar to the rotational temperature of the ISM
(~5-10 K).[54,55] We hope that our rotational fit of v;¢ and linelists of
V10 and v; 3 vibrational satellites of furan, from experiments carried out
under supersonic conditions, will be useful in the ongoing astrochemical
searches.

2. Methods

In this study, we carried out spectroscopic measurements, compared
the results with ab initio calculations, and fitted our spectrum to obtain
experimental rotational parameters. The instrument is described in
detail elsewhere,[35,57] and only the essential aspects are presented
here. The instrument consists of three parts: (1) the vacuum chamber,
(2) the pulsed valve outfitted with a pyrolysis nozzle, and (3) the CP-
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Fig. 1. Vibrational modes of furan fit in the present study [56]. The mode label
along with their respective symmetries in brackets are at the top of the struc-
tures. The arrows represent the H atom displacements of the C—H out-of-plane
bending modes.
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FTmmW spectrometer. Rotational spectra were recorded in the
75.6-99.6 GHz region.

2.1. Vacuum chamber and sample inlet

Commercially available furan (Sigma-Aldrich, >99 %) was used
without further purification. As a liquid with high vapor pressure (~0.9
bar at 300 K), high concentrations of furan can be prepared in the gas
phase.[58] Furan vapor (0.34 bar) was mixed (5 %) with helium (6.6
bar), creating a mixture that was used in our experiments at a backing
pressure of 2 bar. A pulsed General Valve (Parker General Valve Series 9)
with an 0.5 mm orifice diameter was used as the gas inlet. The vacuum
chamber was evacuated using a 10-inch diffusion pump (Varian VHS-
10). The base pressure of the chamber was ~ 1x10°° Torr, and the
operating pressure was ~ 5x1 0 Torr.

To observe vibrationally excited states, the orifice was outfitted with
a Chen-type pyrolysis nozzle to heat the sample prior to expansion.
[52,57] This heated extension to the pulsed valve, is made up of a 5.7 cm
long SiC tube (Saint-Gobain) with 1 mm inner diameter. The SiC tube
was resistively heated by a dc power supply (B&K Precision 1672),
which can be tuned up to 1800 K. Temperature was optimized and
maintained at ~ 400°C (~675 K), as measured by a W/Re type-C
thermocouple (5 % measurement accuracy). The temperature-sensitive
components of the General Valve were protected from the heated SiC
tube by a water-cooled baffle. The output from the pyrolysis nozzle is
directed perpendicular to the beam of frequency-chirped mmW radia-
tion. The temperature of this heated SiC tube was optimized to maximize
the signal intensities from the known v;; and v14 vibrational satellites.

2.2. CP-FTmmW spectrometer

The CP-FTmmW spectrometer consists of two arms: the up-
conversion arm, responsible for broadcasting chirps in a suitable fre-
quency region, and the down-conversion arm, responsible for detection
of the molecular signal. To achieve phase-stability, a single phase-locked
dielectric resonator oscillator (PLDRO, Miteq DLCRO-010-09375-3-
15P), operating at 9.375 GHz, is used as the local oscillator (LO) on both
arms. For the up-conversion arm, frequency chirps are generated by
mixing the PLDRO output with the waveform from channel 1 of the
arbitrary waveform generator (AWG, Agilent Technologies, M8190A).
After up-conversion, the chirps are broadcast into the vacuum chamber
using a rectangular W-band horn. The chirped mmW radiation intersects
with the jet in a transverse geometry and polarizes the molecular rota-
tional transitions. The molecular signal, in form of a free induction decay
(FID), is collected. A rooftop reflector, placed inside the chamber rotates
the polarization of the FID and reflects it back onto a wire-grid polarizer
placed outside the chamber in front of the broadcast horn. This polarizer
reflects the molecular FID signal onto the receiving horn. The 9.375 GHz
radiation from the PLDRO mixes with a 2 GHz single frequency
continuous wave output from the channel 2 of the AWG, generating the
LO for the down-conversion arm. The amplified molecular FID (LNA,
Millitech, LNA-10-02150) is mixed with this LO and the output is sent to
an oscilloscope (Tektronix, DPO72004), resulting in a phase-coherent
average in the time domain. All of the mmW electronics are refer-
enced to a 10 MHz Rb clock (Stanford Research Systems FS725). For the
details of the spectrometer, the reader can refer to Barnum et al.[35].

2.3. Spectral simulation and ab initio calculation

The PGOPHER spectral simulation program[59] was used to fit
experimental observations against predicted transition frequencies.
Because furan is a near-oblate symmetric top, Watson’s S-reduced
Hamiltonian was used in the III" representation (S/III").[59] Furan
experimental molecular constants corresponding to rotational transi-
tions in the ground, v11, and v;4 vibrational states were obtained from
Barnum et al.[35] For v;3, constants from Pankoke et al. were used.[39]



P. Mishra et al.

For previously unobserved low-frequency vibrational satellites, vig, V12,
Vg, and vy1, rotational constants were obtained from ab initio calcula-
tions. Ab initio calculations on furan were performed using the CFOUR
suite of programs.[60] Geometry optimization and anharmonic fre-
quency calculations were performed to obtain the rotational constants
that correspond to the observed vibrational satellites. Coupled-cluster
theory with perturbative triple excitations [CCSD(T)] under the
frozen-core (fc) approximation was employed, using the ANOO basis set.
[61] Due to the presence of identical nuclei, the nuclear spin statistics
effect was observed in the relative intensities in the spectral simulation,
as described by Barnum et al.[35] Rotational and vibrational tempera-
tures were approximated from the observed relative intensities in the
experimental spectrum.[59].

2.4. Chirps and data post-processing

The frequency chirps were 1 ps in length and were scanned over the
three narrow ranges of 79.3-79.45 GHz, 88.6-88.8 GHz, and
97.95-98.15 GHz, in three separate experiments, as the most intense
furan rotational transitions were determined to occur in those regions.
The bulk of the molecular signal resided within the first 2 ps of the FID,
detection of which started after a delay of 0.5 ps after the end of the
excitation chirp, in order to minimize detection of ringing from the LNA.
The spectral resolution is 0.5 MHz. The full-width at half maximum
(FWHM) of the observed lines was 1 MHz, which was input as the
transition width in the PGOPHER spectral simulation. 2 million averages
were collected over each of the three frequency regions. A fast Fourier
transform of the averaged FID was performed in MATLAB (R 2020a).
[62] A Gaussian windowing function was used (window parameter 2.5).
Instrument artifacts were removed from the final experimental
spectrum.

3. Results and discussion

Rotational spectra of the furan ground state and the v = 1 excited
vibrational states in modes v;1, V14, V10, and vy3, were obtained within
our spectral region (79.3-79.45 GHz, 88.6-88.8 GHz, and 97.95-98.15
GHz). Portions of the spectra are shown in Fig. 2. These spectra were
recorded with the pyrolysis nozzle maintained at ~ 400°C (~675 K). At
~600°C (~875 K), no furan transitions were observed, presumably due
to thermal decomposition.[34] The PGOPHER simulated spectra
(pointed downwards), with Gaussian peak width set at 1 MHz, match
well with the experimental spectra (pointed upwards). Our spectra is
Doppler broadened due to the perpendicular intersection between the
jet and the beam of mmW chirped radiation.[63] Experimental con-
stants from Barnum et al. were used for modes vi1 and vi4, the line-
centers of which matched well with our observed transitions (Fig. 2).
[35] The rotational transition fitting was performed for modes v;¢ and
v13 over the range of J”=5 to 9 (Table 1).

Pankoke et al. have fit a large number of v;3 lines (3500), which
includes quartic and sextic distortion coefficients, using Watson’s A-
reduced Hamiltonian in the I" representation (A/I").[39] By contrast, we
fit our experimental data for v1g and vy3 in (S/III"). Henceforth we will
use the shorthand (Watson’s reduced Hamiltonian letter/Axis repre-
sentation) for ease. We chose this combination of reduction and repre-
sentation for consistency with and for easy comparison to the fits of the
ground state, and the v = 1 vibrational levels of modes v;1, and vy 4 re-
ported by Barnum et al., where the experiments were carried out in the
same spectrometer as used in this study.[35] Pankoke et al. observed
only c-type transitions, and we observe exclusively a-type transitions,
which makes our pure rotation spectrum complementary to high-
resolution IR spectrum.[39] We report the linelist from our pure-
rotational spectroscopy in the Supplementary Information, obtained
at higher resolution (0.5 MHz) than the high-resolution IR work by
Pankoke et al. (60 MHz).[39].

Detailed investigation carried out by Demaison and co-workers show
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that III" representation together with Watson’s A-reduced Hamiltonian
(A/1I1Y) is often a poor choice.[64,65] Neither Pankoke et al., nor the
present work used this combination for fitting the vibrationally excited
states of furan.[39] Moreover, fitting of the ground state of furan by
Margules et al using (S/III"), showed the best results with the least
standard deviation, which is the same fitting condition used in the
present study.[65] Our observations for the v; 3 state of furan, were fit at
(S/II1") and (A/T"), both of which converged to the same values for the set
of small molecular parameters (Table 1).

We observed 12 resolved transitions for the v1¢9 and 10 resolved
transitions for the v;3 modes in their v = 1 states, in addition to a nearly
blended transition in the vy state. Apart from these 22 transitions, we
observed vibrational satellites from the v = 1 levels of modes v1¢ and v;3
that were fully blended with transitions from other vibrational satellites
(Fig. 2). Transitions with signal-to-noise < 3 were de-weighted by a
factor of 2. For near-symmetric tops, as the difference between the J and
K quantum numbers increases, the splittings in the K-stack increases.
The vibrational satellite transitions for furan (near-oblate asymmetric
top) where J - K. = 0 or 1, were unresolved in our spectrum, and hence
were among the most intense peaks. Such J-K. < 1 transitions were,
therefore, very useful in the initial stages of the fitting process, after
which the other a-type resolved lines were fit. Such blended lines with
multiple transition assignments were fit to the mean position.[59] The
ab initio calculations predicted the rotational constants of the v = 1 levels
of modes v1g and v;3 to a high accuracy (Table 1, within 0.45 MHz). Our
experimental spectrum, final fits, and linelist are available in Supple-
mentary Information. Efforts to identify transitions in the next higher
energy vibrational states, the in-plane ring modes, vg (A1, 871 cm™ Y and
Vo1 (B, 873 cm’l), were unsuccessful.

As mentioned previously, we also used (A/I") to fit the v;3 state of
furan, which converged to the same molecular constants as the fit per-
formed using (S/III") (Table 1). This is because the quartic terms in both
Watson’s A-reduced and S-reduced Hamiltonians have the same
expression.[64,65] Pankoke et al. fit 12 molecular parameters, whereas
we fit 4.[39] Meaningful comparison cannot be performed between fits
generated using very different number of parameters, as the fits get
projected into parameter space with different dimensions. In other
words, the interdependence of these parameters makes the comparison
less meaningful. Nevertheless, the ground and vibrationally excited
states of asymmetric tops can be compared using their inertial defects
(A), calculated from the respective moments of inertia (Equation (1)).

A=lIl-Ig—1Ia @

The inertial defect is a particularly useful quantity to compare the
geometries of various states of an asymmetric top molecule, because
they are largely independent of centrifugal and electronic distortion
contributions.[66] For planar asymmetric tops, the inertial defect of the
vibrational ground state geometry is very close to 0, while the inertial
defects for the in-plane vibrations are typically large and positive and
those for the out-of-plane vibrations are typically small and negative.
Very low frequency, out-of-plane vibrational modes that exist in non-
rigid molecules, like torsional modes are an exception to this trend.[66].

Being a planar molecule, we see that the inertial defect of the ground
state of furan is 0.0488, which is very close to 0. Furthermore, being a
rigid molecule, the 4 lowest energy vibrational modes (v;1, V14, V10, and
v13) corresponding to out-of-plane motions, have small negative inertial
defects (Table 2). The largest departure from planarity is observed for
v14 (B1), followed closely by v11 (A3), both of which are out-of-plane ring
deformation modes. The slightly larger inertial defect of these modes
agrees with the displacement of the heavier C-atoms in the skeletal
framework. In contrast for vio and v;3 modes, primarily the light H-
atoms are displaced, causing a smaller inertial defect among the 4 lowest
vibrationally excited states of furan (Fig. 1).

At the nozzle temperature (Tyo;) of 675 K, the rotational temperature
is found to be ~ 15 K, which is higher than that reported by Barnum
et al. (~5K), because a pyrolysis nozzle was used in this work to observe
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Fig. 2. Rotational spectra of furan in three 175 MHz wide regions: 79280-79455 MHz (top), 88625-88800 MHz (middle), and 97975-98150 MHz (bottom).
Experimental spectra (maroon) are directed up and PGOPHER [59] simulated spectra are directed down. The simulations show the rotational transitions in the
vibrational ground state (black), vq; (blue), v14 (green), vy (orange), and v,3 (yellow). The transition FWHMs are 1 MHz.
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Table 1

Rotational fit parameters for v;¢ and v,3 v = 1 vibrational states of furan in MHz.
Our experimental fits were performed in III" representation using Watson’s S-
reduced Hamiltonian. Pankoke et al. [39] used I" representation and Watson’s A-
reduced Hamiltonian for the vy3 fit, which are italicized. Standard deviations of
the last two significant digits are shown in parentheses. Number of lines fit (Ng)
and the number of unique frequencies (Ng.q) are shown.

Molecular vio (As, 721 em™ 1) V13 (By, 745 ecm™ 1)
constants ab initio This ab initio Ref. [39] This
work work
A 9430.989  9430.578  9427.127  9427.7517  9427.477
(58) (38 (50)
B 9225.336  9225.090  9231.556  9231.2821  9231.175
(C20)] 30) (82)
C 4671.849  4672.194  4672.475  4672.9007  4672.892
(36) 22) a3)
Dy/A;(x10%) 0.48(17) 1.7276(32)  0.343(72)
Dyk / A —-0.215
(x10%) (11)
Dk / Ag 1.784(12)
(x10%)
5y (x10%) 0.68603
()]
Sk (x10%) 1.2478(24)
@, (x10%) 0.0016(14)
Dk (x10%) —0.0102
()]
Dy; (x10%) 0.023(14)
Dk (x10°) ~0.0183
(96)
Nit/Nfreq 15/12 3500 13/10
rms (MHz) 0.177 0.108
Reduced 0.162 0.067
rmsd”

2 [=((observed
(unitless).

frequency-calculated frequency)/weight)?]/(Ng)]'/2

Table 2

Inertial defect (A) of ground and excited vibrational states
of furan performed at Watson’s S-reduced Hamiltonian
with III' representation. The units of A is (amu x
Angstrom?) The inertial defect for the ground state, v;; and
v14 v = 1 states were calculated from rotational constants
obtained by Barnum et al.[35].

Molecular state A (amu ;\2)
Ground state (A1) 0.0488
v11 (Ag, 600 cm™ 1) —0.2486
V14 (By, 603 cm™!) —0.2687
V10 (Ag, 721 cm™Y) —0.2051
v13 (B1, 745 cm™ 1) -0.2028

vibrational satellites.[35] The vibrational temperature (Tyj,) of furan is
~ 500-600 K in the supersonic jet, having a non-thermalized distribu-
tion, as noticed by Barnum et al.[35] There are a few reasons for this: (1)
vibrational energy transfer is mode-specific and vibrational relaxation
(VR) under collisionally cooled conditions depends on the frequency of
the given mode;[57,67] (2) the pyrolysis nozzle creates a far from ho-
mogeneous initial pre-expansion temperature, because there is no
proper mixing of the gas flow near the wall of the tube with the gas flow
near the centerline.[57,68].

Next we compare the VR of furan in our experiments with that of
Barnum et al.[35] where a pyrolysis nozzle was not used. With Ty, =
300 K, Barnum et al. observed v;; and vy4 at a Tyjp, = 250 K.[35] The
extent of VR, quantified as the ratio Tyjp/Tnoz[57] is about 0.8 in the
present work as well as in Barnum et al.[35] This implies that a pyrolysis
nozzle does not significantly affect the VR of the supersonic expansion at
moderate temperatures of up to 700 K. The combination of a supersonic
jet with a pyrolysis nozzle is uniquely suited to populate vibrationally
excited states, while rotationally cooling the sample to ~ 10 K,
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populating the low J states, thereby enhancing the signal of the sample.
Hence, this technique can be successfully used to efficiently populate
and study vibrationally excited states under well characterized super-
sonic expansion conditions.[69] However at much higher Ty, ~ 1500 K,
enhanced VR is observed by Prozument et al.[57].

Furan has not yet been discovered in the ISM or in star-forming re-
gions, but its existence is anticipated, as cyclic oxygen containing
compounds like ethylene oxide (c-C2H40)[70,71] and propylene oxide
(CH3C,H30),[72] and aromatic compounds[55,73-75] have been
detected in the ISM. There have been several searches for furan and
upper limit estimations of its concentration.[13,76] Even though the
ISM is a low temperature region (~5-10 K),[54,55] furan can exist in
hot star-forming regions where temperatures are a few 100s of K,[12,77]
and in highly non-thermal environments,[78] where vibrationally
excited states are expected to be populated. Upon detection of furan in
outer space, the fits and experimental linelist of its vibrational satellites,
provided by our work, will be very important to understand the various
environments of its occurrence and to estimate its concentration
accurately.

Adding the large linelist (about 3500 transitions) corresponding to
the v13 mode (v = 1) of furan, that was recorded by Pankoke et al., was
not feasible, as the linelist was not available in the publication.[39]
Therefore we adopted a method to assimilate and rationalize fits ob-
tained in dissimilar experiments at very different resolutions (0.5 MHz
in the present pure-rotational spectroscopy study and 60 MHz in the
high-resolution IR study by Pankoke et al.), toward a global fit of the v;3
state.[39] The linelist of v13 from the present work in the W-band region
is used. The fit provided by Pankoke et al. has been used to simulate a
spectrum of the v13 = 1 state of furan.[39] This simulated linelist hence
obtained, is taken to be the ‘observed’ linelist in the global fit, with the
appropriate weights. With a larger number of lines available, a greater
number of molecular parameters were fit (Table 3). The results in
Table 3 show the similarity between the rotational constants of the
global fit and the fit by Pankoke et al. in Table 1.[39] The low reduced
root-mean-square deviation value is due to the large number of lines
used, despite a large rms. To the knowledge of the authors, this is a
previously untried method to integrate fits, the results of which appear
to reasonably agree with the fit by Pankoke et al. (Table 1).[39] The
specific details are provided in Supplementary Information.

4. Conclusion

We recorded broadband rotational spectra of furan in the millimeter
wave region (75.6-99.6 GHz). Our search was focused on three narrow
regions (79.3-79.45 GHz, 88.6-88.8 GHz, and 97.95-98.15 GHz),

Table 3

Rotational global fit parameters for v;3 v = 1 vibrational state of
furan in MHz. Experimental fits were performed in Watson’s S-
reduced Hamiltonian using III' representation. This global fit was
obtained by assimilating our v 3 fit with the fit by Pankoke et al[39].
Standard deviations of the last two significant digits are shown in
parentheses. Number of lines fit (Ng,) and the number of unique
frequencies (Nfq) are shown.

Molecular constants v13 (By, 745 cm™ 1)

A 9427.7160(21)
B 9231.2896(26)
C 4672.89850(52)
Dy (x10%) 3.2535(25)

Dyk (x10°) —5.1003(28)
Dk (x10%) 2.1958(30)

A (amu A% —0.2009
Niit/Nireq 1323/901

rms (MHz) 0.504

Reduced rmsd” 0.0203

@ [Z((observed
(Ng)12 (unitless).

frequency-calculated  frequency)/weight)?]/
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spanning transitions in rotational levels J”=5 to 9. In addition to the
ground vibrational state, we observed previously reported rotational fits
in the v = 1 levels of the vy1, v14, and v,3 vibrational modes. We also
observed and fit rotational transitions in the v;¢ vibrational mode that
had not been reported in the literature. We fit 4 rotational parameters
(A, B, C, Dy) for v1¢ and v 3 states using Watson’s S-reduced Hamiltonian
in the III" representation. Using inertial defects of furan at its ground and
vibrationally excited states, we could meaningfully compare the type
and extent of the deformation caused by the vibrational modes. This was
shown to be a particularly useful quantity, when a limited number of fit
parameters (rotational constants) are available. With 4 rotational con-
stants fit to these v = 1 vibrational satellites, our experimental fits and
data can be used by researchers in the gas-phase spectroscopy commu-
nity as starting points toward more inclusive rotational fits. Apart from
assisting astrochemical searches and potentially helping to monitor
combustion and atmospheric chemistry, this study shows that a pulsed
supersonic nozzle outfitted with a pyrolysis tube is a useful source of
efficient vibrational excitation, that can be used to study rotationally
cold vibrational states of isolated molecules. We have also attempted to
integrate the fit for the v;3 state of furan obtained in this study with the
work by Pankoke et al., despite non-inclusion of their experimental
linelist.[39]
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