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ABSTRACT
We present the results from a high-resolution infrared study of jet-cooled singlet monofluorocarbene (HCF) in the CH stretch region near
2600 cm−1. Absorption signals are recorded using near quantum shot noise limited laser absorption methods. The fully resolved absorp-
tion spectra of the CH stretch (ν1) fundamental band and a partial progression of transitions of the HCF bend plus CF stretch (ν2 + ν3)
combination band are observed and show clear evidence of a strong rovibrational coupling between the ν1 K′a = 2 and ν2 + ν3 K′a = 3
manifolds, including the observation of “dark state” transitions. A detailed perturbation analysis of a c-type Coriolis interaction is carried
out for these two coupled vibrational states, providing experimental determination of precise rovibrational constants. A combined ground
state combination difference fit of the transitions to the ν1 and ν2 + ν3 vibrational states in this study with previously reported LIF Ã(0,0,0)
← X̃(0,0,0) data has been done to increase the accuracy of the ground state rotational constants [M. Kakimoto et al., J. Mol. Spec. 88,
300–310 (1981)]. Moreover, we report, for the first time, hot band (ν1 + ν3 ← ν3) transitions due to vibrationally excited HCF in the CF
stretch mode, ν3. The high-resolution results for all vibrational frequencies and rotational constants are in good agreement with and sig-
nificantly extend the analysis of the rovibrational manifold of HCF. The present ground state and ν3 spectroscopic parameters now permit
improved predictions for pure rotational and ν3 fundamental transitions to aid spectral searches for HCF in the laboratory and the interstellar
medium.
https://doi.org/10.1063/1.5133397., s

I. INTRODUCTION

Halogenated molecules are of importance to their involve-
ment in commercial products, atmospheric and interstellar chem-
istry, and organic synthesis.5–7 In particular, halogen contain-
ing complex organic molecules (COMs, e.g., CH3Cl) can be
formed as the byproduct of biological activity and have been pro-
posed as biomarkers in exoplanet atmospheres.8 However, the
recent observation of CH3Cl toward a sunlike star forming region
and in the comet 67P/Churyumov-Gerasimenko indicates that
there are nonbiological formation mechanisms in the interstellar
medium (ISM).9 One such method is halogen atom, X, incorpo-
ration into simple molecules and COMs in irradiated ice man-
tles of dust grains, including sequential H-atom addition to CX.7,10

In order to better understand how halogenated molecules are
formed in the ISM, a complete understanding of the reaction-
pathway intermediates and their relative abundances is needed.
This requires gas-phase laboratory spectra with which unambigu-
ous molecular assignments in astronomical observations of pos-
sible halogen containing molecules in the reaction network are
made.

To date, the pure rotational transitions of three fluorinated
molecules have been detected in astronomical spectra: CF+ and HF,
in diffuse and translucent clouds; HF, in dense sources;11–14 and
HF and AlF, in circumstellar envelopes of carbon rich stars.15,16 HF
has also been observed in absorption in interstellar gas through its
infrared rovibrational transitions, ν = 1–0 R(0) and R(1).17 Since the
interstellar formation mechanism for CH3F, like CH3Cl, is thought
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to be dominated by grain surface reactions starting from CF, with
the diradical halocarbene HCF as an intermediate,7 and given that
the interstellar abundance of F is comparable to Cl,18 it is highly
likely that CH3F and its simpler radical derivatives, e.g., HCF, also
exist in astronomical environments. The detection of fluorinated
molecules with more than two atoms is currently hampered by
limited laboratory-based high resolution spectroscopic data.

The triatomic, near-prolate asymmetric top molecule (Fig. 1),
HCF (X̃1A′), has three vibrational modes: the CH stretch (ν1; A′)
at ∼2643 cm−1, the HCF bend (ν2; A′) at ∼1403 cm−1, and the
CF stretch (ν3; A′) at ∼1192 cm−1.2,3 Hereafter, the vibrational lev-
els are denoted as (ν1, ν2, ν3), and a summary of the vibrational
modes available from the literature is given in Table I. Historically,
the spectroscopic data for HCF have been obtained through obser-
vation of its Ã1A′′–X̃1A′ electronic transitions in studies looking
for the adiabatic energy gap between its singlet ground state and
the nearby triplet state and to investigate the rovibronic Renner-
Teller effects.1,3,19–21 Conversely, the vibrational manifolds of the
ground electronic state have been far less thoroughly studied. Eigh-
teen fundamental and combination vibrational states of HCF have
been observed at a relatively low resolution with stimulated emission
pumping (SEP) spectroscopy by Mukarakate et al.22 This SEP study
provides a majority of the experimental knowledge of the vibrational
energy levels in the ground electronic state, complete with estimates
of the vibrational energy, ν0, the primary rotational constant, A,
and the average value for the other two rotational constants, B̄. Of
the known vibrational states of HCF, only four—(0,0,0),1 (1,0,0),
(0,1,0), and (0,2,0)3—have been studied with rotationally resolved
laser induced fluorescence (LIF) and SEP spectroscopy, respectively,
resulting in precise determination of ν0, A, B, and C for each state.
Based on the determined rotational constants, Suzuki and Hirota3

found a negative anharmonicity for ν2, which is believed to be the
result of strong Fermi mixing between at least the (1,0,0) and (0,2,0)
states.

HCF has also been the subject of numerous theoretical studies
in regards to its the singlet-triplet separation (see Ref. 4 and refer-
ences therein). The theoretical study by Weis et al.,4 using highly
correlated coupled electron pair approach (CEPA) electronic wave
functions to calculate the three-dimensional potential energy func-
tions, predicts the vibrational energies (for states <6000 cm−1) with
both a perturbative and a variational method. Based on the com-
parison with the known experimental vibrational band origins, it
was determined that the variational method was the more accu-
rate choice. However, the full extent of the interactions between the

FIG. 1. The HCF CCSD(T)/cc-pCVQZ equilibrium structure and vibrational motion
of the (1,0,0) mode (blue arrow). The molecule lies in the plane of the princi-
pal rotation axes a and b, and the c-axis that has the largest moment of inertia
is directed into the page. Here, θ is the H–C–F bond angle and ϕ is the angle
between the b principal rotation axis and the direction of the CH transition dipole
moment, δμ.

(1,0,0), (0,1,1), and (0,2,0) states still requires more experimental
information, ideally through rotationally resolved absorption studies
in the infrared.

In this paper, we present the high resolution experimental spec-
trum of gas-phase HCF around 3 μm and the measurement of the
(1,0,0)← (0,0,0), (0,1,1)← (0,0,0), and (1,0,1)← (0,0,1) rovibrational
bands. This paper is organized as follows: in Sec. II, we describe
the experimental approach. The experimental spectrum is presented
in Sec. III along with the spectral analysis. In Sec. IV, the vibra-
tional assignments are discussed, including a detailed perturbation
analysis of the (1,0,0) and (0,1,1) vibrational states and comparison
with ab initio values. Finally, the astronomical implications of the
data, including predictions of possible microwave transitions, and a
short conclusion are presented. Line positions are available in the
supplementary material.

TABLE I. A summary of the vibrational energies and vibration-rotation interaction constants (in cm−1) of HCF.

Vib-rot interaction constantsb

Mode Observed frequencya αAi αBi αCi

ν1 CH str. 2643.0393 0.337(0.623) 0.0003(-0.003) 0.003(-0.001)
ν2 bend 1403.2045 −0.372(−0.365) −0.0003(0.0002) 0.005(0.005)
ν3 CF str. 1192 (0.044) (0.015) (0.016)

aFrom Refs. 2 and 3.
bExperimental values from Ref. 3, and ab initio values from Ref. 4 are given in parentheses.
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II. EXPERIMENTAL METHODS
The experimental setup has been described in detail in Ref. 23

and has recently been used to measure the CH fundamental band of
the halocarbene HCCl in Ref. 24. In the present experiment, HCF
radicals are generated in a supersonically expanding pulsed planar
plasma using a precursor gas mixture of 0.12% fluoroform (HCF3)
in Ne (63%), He (27%), and H2 (9%) with a 250 Torr backing pres-
sure. The gas is expanded into a vacuum chamber through a long,
thin (0.3 × 40 mm, 1 ms opening time, and 19 Hz repetition rate)
slit discharge nozzle with an applied negative high voltage square
wave (∼−7000 V/cm) modulated at 50 kHz; the resulting plasma
pulse lasts for about 700 μs. In the discharge region, the precur-
sor molecules undergo electron impact dissociation, leading to the
formation of HCF from HCF3.

To detect the molecules in the expansion, a frequency stabilized
single mode ring dye laser (Spectra-Physics 380A, R6G dye) is mixed
with a single mode Ar+ laser (Spectra-Physics Series 2000, 515 nm)
in a temperature-controlled periodically poled MgO:LiNbO3 crys-
tal (PPLN) to generate the required narrow-band continuous wave
(cw) IR light source (5–10 μW, tunable from ∼2600–4600 cm−1)
via difference frequency generation. A dichroic mirror after the
PPLN splits the IR laser light into a signal beam, which is directed
to a 16-pass Herriott cell, and a reference beam. Both beams
are focused onto balanced liquid-N2 cooled InSb detectors, with
their outputs electronically subtracted in a fast, home-built sub-
tractor circuit (30 dB suppression dynamic range, 1 MHz band-
width) to eliminate common mode amplitude noise. The integrated
noise level is further reduced to near quantum shot noise levels
by phase sensitive lock in detection at the discharge modulation
frequency.

The high resolution IR spectrum of the plasma products is
recorded using a direct absorption spectroscopy scheme, wherein
the IR signal beam is multipassed with Herriott cell optics and
intersects the expansion <1 cm downstream from the nozzle
body resulting in an absorbance path length of about 64 cm. To
determine the relative line positions of the HCF CH stretch fun-
damental band, an initial rapid scan spectrum is recorded at low

signal-to-noise, with four averages per point and 20 MHz between
data points to cover a total range of ∼100 cm−1. This region is then
rescanned piecewise at higher signal-to-noise (eight averages per
point and 12.5 MHz between data points). Frequencies and uncer-
tainties are determined from repeated (3×) scans over the same
transitions, and frequency precision is provided via interpolation of
dye laser fringes through the Fabry-Pérot cavity locked to a stabi-
lized HeNe laser.25 The absolute frequencies are obtained by cali-
bration against the ν 1 ← 0 P(9) transition of HCl,26 resulting in a
typical frequency accuracy of better than 10 MHz (0.0003 cm−1).
Collisional collimation in the slit jet expansion suppresses the
Doppler line width to about 60 MHz, and the experimental signal-
to-noise ratio for the strongest infrared spectral features in HCF is
about 22:1.

III. OBSERVED SPECTRUM AND ANALYSIS
The high-resolution fluoroform plasma spectrum is recorded

between 2613 and 2703 cm−1, and the overview spectrum is given in
Fig. 2. Previous experimental and theoretical work predicts that this
region is dominated by the CH stretch vibration, ν1, of HCF.3,4,22

Preliminary analysis of the P- and R-branch spacing, ∼2.2 cm−1,
indicates that three separate rovibrational bands of HCF can be rec-
ognized in the experimental spectrum, with band origins at ∼2643.0,
∼2568.3, and ∼2645.5 cm−1. Each rovibrational band is composed
of multiple Ka-sub-bands with large spacings between sub-band Q-
branches. Due to its molecular structure, HCF has a permanent
dipole moment, as well as vibrational transition dipole moments,
that lies in the plane of and between the a- and b-axes (Fig. 1).
Consequently, the rovibrational bands of HCF are expected to have
band structures composed of both a-type (ΔKa = even, ΔKc = odd)
and b-type (ΔKa = odd, ΔKc = odd) transitions; we keep this his-
torical a-type/b-type transition notation for the rest of this paper.
The three rovibrational bands are color coded and their Ka-sub-
band origins are marked by circles for a-type transitions and dia-
monds for b-type transitions in Fig. 2. The determined line posi-
tions and corresponding rotational assignments from our analysis

FIG. 2. The experimental spectrum (in
black) of the fluoroform plasma prod-
ucts showing a series of rovibrational
bands, with inverted simulated rovibra-
tional bands of (1,0,0)← (0,0,0) (in blue,
using PGOPHER),27 (0,1,1) ← (0,0,0)
(in red), and (1,0,1)← (0,0,1) (in green)
plotted below to identify assigned transi-
tions. The inset shows a blown-up region
of the experimental and simulated spec-
tra. The symbol (∗) indicates unassigned
lines.
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TABLE II. Spectroscopic parametersa (in cm−1) of the HCF vibrational ground state.

This work only This work + Kakimoto1 Kakimoto, Saito, and Hirota1

A 15.562 22(38) 15.563 20(6) 15.562 70(37)
B 1.222 91(4) 1.223 05(4) 1.222 994(33)
C 1.129 86(3) 1.129 73(4) 1.129 678(33)
DK (×103) 2.34(7) 2.52(2) 2.43(6)
DJK (×104) 0.73(13) 0.84(19) 0.79(24)
DJ (×106) 4.41(49) 4.50(8) 3.87(16)
δK (×104) 0.53(2) 0.53(5)
δJ (×106) 0.31(1) 0.32(1)
HK (×105) −0.25(19) −0.47(25)
HKJ (×106) 0.46(24) −0.10(17)
HJK (×108) 0b −0.40(47)
HJ (×109) 0.47(21) −0.63(33)

aExperimental uncertainties are given in parentheses in units of the last significant digits.
bFixed to zero.

are given in the supplementary material. In this spectral region, the
(1,0,0) ← (0,0,0) band and the (0,1,1) ← (0,0,0) band are expected
based on previous SEP measurements and analysis by Suzuki and
Hirota.3

The rotational analysis of the observed bands is performed
using the PGOPHER software,27 starting from a Watson nonrigid
asymmetric top Hamiltonian (A reduction and Ir representation).
Vibrational assignments are then made based on the vibrational
energies, ν0, and the primary rotational constants (Av , Bv , and Cv).
For newly reported vibrational states, the vibrationally dependent
rotational constants, Xv, are estimated, to first order approximation,
from

Xv = X0 −∑
i
(αXi vi), (1)

where αXi are the vibration-rotation interaction constants, vi is the
vibrational quantum number, and X0 represents A0, B0, and C0,
which are the experimentally determined ground state values. From
Table I, it can be seen that the ab initio predicted αXi values for ν1
and ν2 are not in good agreement—particularly in sign—with pre-
viously reported experimental values. However, it was suggested in
Ref. 3 that the experimentally determined αi constants are not the
deperturbed values. As such, in our analysis, assignment of newly
reported states is based on rotational constant estimates made using
the ab initio predicted αXi values of Ref. 4.

Spectral analyses of the bands are performed by fitting the
observed transitions via least-squares analysis to determine tenta-
tive band origin, and lower and upper state rotational constants (A′′,
B′′, C′′, A′, B′, and C′, respectively). These preliminary values are

TABLE III. Spectroscopic parametersa (in cm−1) of the observed vibrationally excited states of HCF.

This work Suzuki and Hirota3 Mukarakate et al.22

(0,0,1) (1,0,1) (0,1,1) (1,0,0) (1,0,0) (0,1,1) (1,0,0) (1,0,1)

ν0 1 190.2(5) 3 835.7b 2 568.337 5(3) 2 643.030 1(3) 2 643.039 3(26) 2568.3(5) 2642.9(5) 3835.7(5)
A 15.525 73(11) 15.207 54(4) 15.728 85(4) 15.229 74(7) 15.225 27(87) 15.74(4) 15.32(4) 15.21(4)
B 1.208 37(2) 1.211 42(3) 1.212 43(21) 1.221 75(7) 1.222 68(11)
C 1.114 28(2) 1.109 60(2) 1.114 52(21) 1.124 91(7) 1.126 49(9)
DK (×103) 0.26(18) 1.19(2) 3.46(1) 2.05(2) 1.43(5)
DJK (×104) 2.44(1) −2.68(6) −0.07(2) 1.35(2) 3.39(7)
DJ (×106) 4.41(40) 6.40(50) 5.95(13) 2.90(7) 3.08(23)
δK (×104) −0.30(20) 9.06(11) −1.85(33) 0.53
δJ (×106) −3.02(88) 0.64(23) −0.72(28) 0.39(24)
ζc 0.441 77(3) 0.317 8(34)

aExperimental uncertainties are given in parentheses in units of the last significant digits. The experimental frequency uncertainty is ± 0.0003 cm−1 .
bFixed to the value in Ref. 22.
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used to make vibrational assignments of the upper and lower states.
With vibrational assignments made, systematic rotational analyses
are carried out for each band; the analysis details for each individual
band are provided in Secs. IV A–IV E, and the resulting spectro-
scopic parameters are summarized in Tables II and III. In addition
to the expected (1,0,0)← (0,0,0) and (0,1,1)← (0,0,0) bands, the hot
band (1,0,1)← (0,0,1) is assigned.

IV. DISCUSSION
A. Boltzmann analysis

Under the present slit jet expansion conditions, the HCF
molecules are rotationally cold. Based on a Boltzmann analysis of
the observed intensities (see Fig. 3), the rotational temperature of all
rovibrational bands in the present experimental spectrum is deter-
mined to be 40.6 ± 1.3 K. It is noted, in the Boltzmann analysis
of the rotational temperature, that only the transitions that do not
show strong Coriolis mixing are considered. Conversely, the HCF
molecules are vibrationally hot; the presence of the (1,0,1)← (0,0,1)
band at this absorption intensity suggests a vibrational temperature
of ∼900 K. This mismatch between rotational and vibrational tem-
peratures is a common feature of supersonic plasma discharges.28–31

Population of vibrationally excited states, starting from the low-
est energy state, occurs via inelastic collisions with energetic elec-
trons in the discharge, where energy is transferred to the molecule
via vibration-translation (VT) energy transfer. The resulting vibra-
tional temperature of the molecule increases in proportion to the
high voltage applied.30 In the case of HCF, the applied discharge

FIG. 3. Boltzmann analysis of the a-type (blue circles) and b-type (blue diamonds)
transitions of the (1,0,0) ← (0,0,0) band, the b-type (red diamonds) transitions of
the (0,1,1) ← (0,0,0) band, and the b-type (green diamonds) transitions of the
(1,0,1) ← (0,0,1) band of HCF, with y-intercepts of 0.21 ± 0.06, −1.44 ± 0.06,
−0.76± 0.10, and−0.95± 0.06, respectively. Only the transitions that do not show
strong Coriolis mixing are plotted and analyzed to determine the global rotational
temperature, 40.6 ± 1.3 K.

voltage of ∼−7000 V/cm is sufficient to significantly populate the
(0,0,1) state at 1190.2(5) cm−1. Other vibrationally excited states,
e.g., the (0,1,0) state at 1403.2045(13) cm−1,3 could be expected to
be populated at lower amounts. From Landau-Teller theory, VT
relaxation in a supersonic expansion is typically only efficient for
vibrations with energy at or below the collisional energy in the stag-
nation region, kT/hc ∼ 210 cm−1. However, since the experimental
buffer gas consists of the diatomic H2 in addition to the monoatomic
Ne and He, the efficiency of vibrational relaxation is likely increased
for all energies and any population of vibrationally excited states
would be significantly reduced.32 Consequently, at our current level
of sensitivity, only the hot band out of the lowest energy state (ν3) is
observed.

B. The Coriolis coupled (1,0,0) ← (0,0,0) and
(0,1,1) ← (0,0,0) bands

The strongest transitions in the experimental spectrum belong
to the known CH stretch fundamental band, with a band ori-
gin at 2643.0393(26) cm−1;3 the observed b-type Q-branches are
shown in Fig. 4. The (1,0,0) ← (0,0,0) band shows strong b-
type transitions accompanied by weaker a-type transitions, and in
total, five sub-bands are observed for the (1,0,0) ← (0,0,0) vibra-
tional transition: Ka: 0 ← 1, Ka: 1 ← 0, Ka: 2 ← 1, Ka: 1 ← 1,
and Ka: 0 ← 0, three b-type and two a-type sub-bands, respec-
tively. Due to selection rules and challenges of double resonance
SEP spectroscopy, this is the first time both a- and b-type tran-
sitions for the (1,0,0) ← (0,0,0) band have been observed. Based
on the previously mentioned Boltzmann analysis of the (1,0,0)
← (0,0,0) band intensities (Fig. 3), the ratio of the integrated intensi-
ties of the a- and b-type transitions, the CH stretch transition dipole
moment is found to be 23.7(3)○ off the b-axis in a fixed body frame
(Fig. 1).

The (1,0,0) rovibrational manifold has been studied extensively
by Suzuki and Hirota3 through electronic transitions using SEP
spectroscopy and is noted to have strong Fermi interactions with
two nearby states: the (0,1,1) state, whose corresponding (0,1,1)
← (0,0,0) band origin is redshifted just outside our difference fre-
quency laser range, and the (0,2,0) state, whose corresponding
(0,2,0) ← (0,0,0) band origin is substantial to the blue (∼100 cm−1)
of the scanned spectral range. The initial fits of the band origin and
principle rotational constants show that the progressions observed
at around 2620 and 2690 cm−1 are consistent with the (0,1,1)
← (0,0,0) band and can be assigned as the sub-bands: Ka: 2← 1 and
Ka: 3← 1.3,22

Notably, initial fits of the rotational parameters for the (1,0,0)
← (0,0,0) and (0,1,1)← (0,0,0) bands, with a standard Hamiltonian,
result in observed intensities and line positions that deviate strongly
for J′ ≥ 3 transitions in the (1,0,0) ← (0,0,0) Ka: 2 ← 1 and (0,1,1)
← (0,0,0) Ka: 3← 1 sub-bands and deviate weakly for the Q-branch
(K′c = J′−1) of the (1,0,0) ← (0,0,0) Ka: 1 ← 0 sub-band. The SEP
study of the (1,0,0) fundamental by Suzuki and Hirota3 noted a c-
type Coriolis interaction between the (1,0,0) and (0,1,1) vibrational
states. Systematic rotational and perturbation analysis is performed
here by simultaneous fitting of the (1,0,0) ← (0,0,0) and (0,1,1)
← (0,0,0) bands.

By combining transitions observed in our jet-cooled spectrum
with LIF transitions by Kakimoto, Saito, and Hirota,1 the ground
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FIG. 4. The experimental spectrum
(upper trace, in black) of (1,0,0)
← (0,0,0) (in blue) and (0,1,1)← (0,0,0)
(in red) Q-branch transitions with the
inverted simulated spectra plotted below
(using PGOPHER):27 (middle trace) tak-
ing into account the effect of the Coriolis
interaction and (lower trace) without the
effect of the Coriolis interaction. The
transition assignments of the (1,0,0) ←
(0,0,0) sub-band Q-branches appear
along the bottom of the figure for (a) Ka:
0← 1, (b) Ka: 1← 0, and (c) Ka: 2← 1;
the transition assignments of the (0,1,1)
← (0,0,0) sub-band Q-branch appear
along the top of the figure for (c) Ka: 3
← 1.

state rotational constants are determined by lower state combination
differences to be A0 = 15.563 20(6) cm−1, B0 = 1.223 05(4) cm−1, and
C0 = 1.129 73(4) cm−1. These values are more precisely determined
and in reasonable agreement (within 3σ) with the values determined
by Kakimoto, Saito, and Hirota1 and from the lower state combi-
nation difference analysis of the jet-cooled transitions alone (see
Table II).

The upper state rotational constants for the (1,0,0) and (0,1,1)
states are determined starting from the previously reported rota-
tional constants of Suzuki and Hirota,3 including a Coriolis coupling
constant, ζc, in the Hamiltonian, where the nondiagonal matrix
elements of this coupling term are given by

⟨(0, 1, 1), J,K ± 1∣Hcorr ∣(1, 0, 0), J,K⟩ = ζc 1
2

√
J(J + 1) − K(K ± 1).

(2)

C-type Coriolis interactions result from mixing angular momen-
tum components that lie orthogonal to each other, e.g., the b-axis
component of the (1,0,0) vibration and the a-axis component of the
(0,1,1) vibration. Spectroscopically, c-type Coriolis mixing is only
allowed between energy levels where ΔJ = 0, ΔKa = odd, and ΔKc
= even. In the interest of simplicity, our rovibrational transition
assignment scheme labels the mixed state as the original unper-
turbed state that is the majority component in the linear combina-
tion. In the experimental spectrum, the upper state assignments of
the transition pairs that show the largest deviations (e.g., the (1,0,0)
J′, K′a, K′c = 3,2,1 state and the (0,1,1) J′, K′a, K′c = 3,3,1 state) are
consistent with and confirm that the (1,0,0) and (0,1,1) vibrational
states mix through a c-type Coriolis interaction. A diagram of the
rovibrational energy levels for the (1,0,0) and (0,1,1) vibrational

states based on the present experimental line positions is given in
Fig. 5(a), which shows that the rotational energy levels of the two
vibrationally excited states are highly intermixed. In particular, with-
out the effects of the perturbation, the energies of the K′a = 2 and K′a
= 3 levels of the (1,0,0) and (0,1,1) states, respectively, are predicted
to be nearly degenerate [Fig. 5(b)].

The rotational parameters determined by Suzuki and Hirota,3

including their reported Coriolis coupling coefficient of ζc
∼ 0.32 cm−1, do not reproduce the observed transition line posi-
tions for the highly affected (1,0,0) K′a = 2 and (0,1,1) K′a = 3 levels.
Simultaneous least-squares fitting to a c-type Coriolis Hamiltonian
of the transitions to the (1,0,0) and (0,1,1) states results in the best
fit parameters, which are summarized in Table III. For the first
time, the high precision vibrational energy and rotational constants
of the (0,1,1) state are determined to be ν0 = 2568.3375(3) cm−1,
A = 15.728 85(4) cm−1, B = 1.212 43(21) cm−1, and C = 1.114 52(21)
cm−1, which are in agreement with the previous experimentally
determined values and the predicted values for B and C.4,22 However,
the spectroscopic parameters for the (1,0,0) state are determined to
be ν0 = 2643.0301(3) cm−1, A = 15.229 74(7) cm−1, B = 1.221 75(7)
cm−1, C = 1.124 91(7) cm−1, and ζc = 0.441 77(3) cm−1, which all sig-
nificantly differ from those previously measured.3,22 Since all these
parameters are related, our best assessment for the source of the dis-
crepancies between the previous and current studies is that the SEP
study did not observe transitions to the strongest Coriolis coupled
states, e.g., they only observed transitions to the (1,0,0) K′a = 2 level
with J′ = 2.3

The best fit parameters are able to reproduce both the strong
interaction seen for the (1,0,0) K′a = 2 and the (0,1,1) K′a = 3 lev-
els and weaker interactions that affect the (1,0,0) K′a < 2 and the
(0,1,1) K′a < 3 levels (see Fig. 4). As such, with the exception of the
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FIG. 5. The rovibrational energy lev-
els of the (1,0,0) system (in blue) and
the (0,1,1) system (in red), based on
observed transitions and corrected for
the B̄ rotational constant using the PGO-
PHER software.27 Note, in particular, the
(1,0,0) K′a = 2 and the (0,1,1) K′a = 3
levels, which diverge in (a) due to the
effect of the Coriolis interaction and are
predicted to be nearly degenerate in (b)
without the effect of the Coriolis interac-
tion taken into account.

Ka: 1 ← 0 Q-branch transitions, the residuals for the fit (observed
minus calculated, o − c, values) are reduced to about the experimen-
tal line position uncertainty, ±0.0005 cm−1. Given the finite scan
range and CH stretch directed scope of this study, the possible Fermi

interactions between the (1,0,0), (0,1,1), and (0,2,0) states have not
been considered in the rotational analysis and likely account for the
larger o − c values measured for the (1,0,0) ← (0,0,0) Ka: 1 ← 0
Q-branch transitions.

FIG. 6. The experimental spectrum (in
black) of (1,0,1)← (0,0,1) Q-branch tran-
sitions, with the inverted simulated spec-
tra (in green, using PGOPHER)27 plot-
ted below. The transition assignments
appear along the bottom of the figure for
(a) Ka: 0← 1, (b) Ka: 1← 0, and (c) Ka:
2← 1.
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C. The (1,0,1) ← (0,0,1) hot band
A rovibrational band about 1/3 the observed intensity of the

(1,0,0) ← (0,0,0) band is observed in the experimental spectrum,
with a band origin at 2645.4589(3) cm−1, that has not been previ-
ously reported. Only three b-type sub-bands are observed for this
band: Ka: 0 ← 1, Ka: 1 ← 0, and Ka: 2 ← 1; the Q-branches are
shown in Fig. 6. Based on the normal modes of HCF (see Table I),
there are no additional bands, unaccounted for combination bands
in this region, suggesting that it is a hot band. Moreover, given the
close frequency proximity (∼2.5 cm−1) of the band origin to the
(1,0,0) fundamental band origin, it is likely a hot band of the form
ν1 + νx ← νx.

The best fit of the rotational parameters (Table III) results in,
for example, primary rotational constants of A′′ = 15.525 73(11)
cm−1 and A′ = 15.207 54(4) cm−1. From comparison with the SEP
study by Mukarakate et al.,22 the upper state can be assigned as the
(1,0,1) state, but the lower state matches none of the previously mea-
sured vibrational states. However, based on Eq. (1) and the ab initio
αXi values of Weis et al.,4 the rotational constants for the (0,0,1)
state are estimated to be A1 = 15.518 cm−1, B1 = 1.209 cm−1, and
C1 = 1.114 cm−1. From these values, the lower state can be
assigned as the (0,0,1) state. Furthermore, the determined rotational

parameters for the (1,0,1) ← (0,0,1) band are able to reproduce
the transition line positions to within ±0.0003 cm−1, indicating the
absence of any local perturbations.

This is the first observation of rotationally resolved data for
the CF stretch (0,0,1) rovibrational manifold, whose vibrational
energy is known to be 1192(2) cm−1 from low resolution dispersed
fluorescence spectroscopy by Fan et al.2 However, hot bands can
only provide energy differences between two vibrationally excited
states. In order to more precisely determine the absolute vibra-
tional energy, the data must be referenced to one of the vibrational
manifolds. Since the energy of the (1,0,1) state (3835.7 cm−1) is
currently known to be of higher precision than the (0,0,1) state,22

the (1,0,1) state is used as the reference. Consequently, the (0,0,1)
absolute vibrational energy, ν0, is determined to be 1190.2(5) cm−1,
which is in excellent agreement with the dispersed fluorescence
results.2

D. Comparison with ab initio calculations
To support vibrational assignments, high-level ab initio cal-

culations were carried out at the coupled-cluster with single, dou-
ble, and perturbative triple [CCSD(T)] level of theory using the

TABLE IV. Harmonic and anharmonic (VPT2) frequenciesa (in cm−1) and infrared intensities (in km/mol) of HCF fundamental
and select combination bands.

CCSD(T)/ANO2 CEPAb Experimentalc

ω Int. ν Int. Pert. ν Var. ν ν

(0,0,1) 1214.4 164.6 1191.1 164.0 1190.6 1190.7 1190.2(5)d

(0,1,0) 1439.1 23.4 1405.8 21.2 1407.5 1406.9 1403.2045(13)e

(1,0,0) 2803.2 138.4 2641.1 94.7 2605.3 2640.7 2643.0300(3)d

(0,0,2) 2428.8 2362.7 3.2 2361.1 2361.5 2364.3(5)f

(0,1,1) 2653.5 2567.3 37.9 2580.3 2570.9 2568.3378(3)d

(0,2,0) 2878.2 2825.9 22.7 2846.2 2819.9 2812.4844(10)e

(0,1,2) 3867.9 3724.9 0.4 3733.1 3728.4 3729.4(5)f

(1,0,1) 4017.6 3834.2 0.1 3806.1 3834.8 3835.7(5)f

(1,1,0) 4242.3 3930.8 0.1 3900.7 3940.8 3936.5(5)f

(0,2,1) 4092.6 4024.6 1.9 4001.3 4023.3 4017.4(5)f

(0,3,0) 4317.3 4248.5 0.2 4316.1 4228.1 4220.7(5)f

(1,0,2) 5232.0 5004.3 0.03 4986.7 5009.0 5008.5(5)f

(2,0,0) 5606.3 5074.5 0.1 5067.7 5137.4 5134.7(5)f

(0,2,2) 5307.0 5130.2 0.01 5136.2 5214.3 5075.6(5)f

(1,2,0) 5681.4 5296.4 6.7 5227.3 5301.6 5295.6(5)f

(0,4,0) 5756.4 5630.3 0.0002 5817.1 5629.0 5617.3(5)f

(2,1,0) 7045.4 6388.4 0.03 6372.0(5)f

(1,3,0) 7120.5 6630.1 0.01 6640.1(5)f

aAnharmonic zero-point energy (ZPE) = 2690.2 cm−1 .
bReference 4.
cExperimental uncertainties given in parentheses in units of the last significant digit.
dThis work.
eReference 3.
fReference 22.
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development version of the CFOUR program.33 Anharmonic
frequencies, infrared intensities, and vibrational corrections to the
rotational constants have been determined from second-order vibra-
tional perturbation theory (VPT2)34 with full cubic and the semidi-
agonal part of the quartic force fields obtained by numerical differ-
entiation of analytic CCSD(T) second derivatives computed using
the frozen-core ANO2 basis set.35–37

The harmonic and VPT2 fundamental frequencies of the fun-
damental and combination bands are summarized in Table IV.
Comparison with experimental values shows that the present per-
turbative treatment better reproduces vibrational energies rela-
tive to the CEPA perturbative values, and for all but the (0,ν2,0)
states is consistent with the CEPA variational calculations; how-
ever, the CEPA variational calculations are still the method of
choice. Suzuki and Hirota3 observed a negative anharmonicity for
ν2, which was assumed to be due to strong interactions between
the (1,0,0), (0,1,1), and (0,2,0) states. This interaction is further
supported by the study of Weis et al.,4 which found poor agree-
ment between the vibrational energies determined from varia-
tional and perturbative calculations. In order for the VPT2 fun-
damental frequencies to reproduce the experimental values, a
combination of Fermi and Darling-Dennison interactions had to
be addressed, where the vibrational frequencies as a result of such
interactions are calculated by a deperturbation-diagonalization tech-
nique followed by transformation of the deperturbed transition
moments.38,39

In particular, analysis of the VPT2 fundamental frequencies
shows that the (0,ν2,0) states mix, to some extent, with all nearby
states (within a few hundred cm−1), except for (0,0,ν3) states.
For example, the VPT2 fundamental frequency of 2641.1 cm−1

for the (1,0,0) state is determined by including Fermi interac-
tions between the (1,0,0), (0,1,1), and (0,2,0) vibrational states, with
an interaction constant ∼34.6 cm−1 between (1,0,0) and (0,1,1);
∼52.0 cm−1 between (1,0,0) and (0,2,0); and ∼2.1 cm−1 between
(0,1,1) and (0,2,0). If these interactions were not accounted for,
the anharmonic frequency of the (1,0,0) state is predicted to be

2607.3 cm−1, about 40 cm−1 below the experimentally observed
band origin. Correspondingly, the interactions shift the (0,1,1) pre-
dicted energy from 2579.8 to 2567.3 cm−1 and the (0,2,0) energy
from 2847.1 to 2825.9 cm−1. Of particular relevance, the mixing of
the (0,1,1), (1,0,0), and (0,2,0) states results in significant infrared
intensity borrowing, with the predicted IR intensity of the (0,1,1)
← (0,0,0) band increasing from about 7.1 to 37.9 km/mol, the
(1,0,0) ← (0,0,0) band increasing from about 68.5 to 94.7 km/mol,
and the (0,2,0)← (0,0,0) band decreasing from 91.5 to 22.7 km/mol.
In the present experiment, all observed (0,1,1) ← (0,0,0) tran-
sitions originate from K′′a = 1 levels, which should be sparsely
populated at the low rotational temperature of the slit jet expan-
sion. As such, the fact that these transitions are observed in the
jet-cooled experimental spectrum is evidence of significant inten-
sity borrowing and suggests the presence of the VPT2 predicted
resonances.

The strong mixing between states is further reflected in the
experimentally determined vibration-rotation interaction constants,
αi. The VPT2 αi values, given in Table V, are consistent in both sign
and magnitude to those predicted by the CEPA calculations, e.g.,
the VPT2 αA1 = 0.611 cm−1 and the CEPA αA1 = 0.623 cm−1.4 The
VPT2 αi values do not include effects due to state mixing and as
such will be in agreement with the experimental deperturbed val-
ues. Using Eq. (1), the experimental αi values can be determined
two ways: (1) from the rotational constants of the upper state of
the fundamental bands and (2) from the rotational constants of
combination states, where the αi not to be determined is fixed
to the value determined from its fundamental bands; the results
are summarized in Table V. It is expected that if the perturbative
effects to a particular state are accounted for in determining exper-
imental rotational constants, then the resulting αi should be of the
same magnitude and sign, regardless of whether it was determined
from fundamental or combination state values. The vibration-
rotation interaction constants for the CF vibrational mode, ν3,
are experimentally determined for the first time from the (0,0,1)
rotational constants to be αA3 = 0.0375(1), αB3 = 0.014 68(4), and

TABLE V. Experimental and theoretical vibration-rotation interaction constants, αi (in cm−1), of HCF.c

αAi αBi αCi

Method (×102) (×102) (×102)

(0,0,1) CCSD(T)/ANO2 4.55 1.43 1.54
Expt. from (0,0,1)a 3.75(1) 1.468(4) 1.545(4)
Expt. from (1,0,1)a 2.22(1) 1.03(1) 1.53(1)

(0,1,0) CCSD(T)/ANO2 −36.0 0.024 0.540
Expt. from (0,1,0)b −37.21(2) −0.03(1) 0.53(1)
Expt. from (0,2,0)b −31.35(2) −0.03(1) 0.50(1)
Expt. from (0,1,1)a −20.31(1) −0.41(2) −0.02(2)

(1,0,0) CCSD(T)/ANO2 61.1 −0.281 −0.043
Expt. from (1,0,0)a 33.35(1) 0.13(1) 0.48(1)
Expt. from (1,0,1)a 31.82(1) −0.31(1) 0.47(1)

aBased on experimental rotational constants from this work.
bBased on experimental rotational constants from Ref. 3.
cRegular and italic font correspond to theoretically and experimentally derived values, respectively.
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TABLE VI. Predicted pure rotational transitions of HCF.

J′ Ka
′ Kc

′ J′′ Ka
′′ Kc

′′ Position (MHz)

2 0 2 – 1 0 1 141 051(9)
2 1 1 – 1 1 0 143 845(9)
3 0 3 – 2 0 2 211 535(9)
4 0 4 – 3 0 3 281 968(9)
5 0 5 – 4 0 4 352 335(9)

αC3 = 0.015 45(4) cm−1; these are in good agreement with the ab
initio predicted values. However, the vibration-rotation interaction
constants for ν1 and ν2 exhibit erratic behavior relative to the pre-
dicted values whether extracted from fundamental or combination
state experimental rotational constants, e.g., differing in sign for αB
and αC. This suggests that all perturbative effects to these states
[e.g., the (1,0,0) state] are still not fully accounted for, and these
experimentally determined spectroscopic constants are not the fully
deperturbed values.

E. Spectroscopic predictions
The vibrational energies and rotational constants determined

from this work are sufficiently precise to predict the lowest energy
transitions of HCF, which could aid its detection in laboratory or
astronomical spectra. Most importantly, the ground state rotational
constants presented here from the combined fit of IR and SEP
data offer the most reliable prediction of pure rotational transitions;
examples of such microwave transitions expected to be strong at
interstellar temperatures (∼20 K) are given in Table VI. Similarly, the
present experimentally determined ground and (0,0,1) state spectro-
scopic parameters allow for accurate prediction of the lowest energy
vibrational transition—the CF fundamental band (see Table VII
for predicted Q-branch transitions). Based on the transition fre-
quencies, HCF should be spectroscopically accessible through astro-
nomical observation of pure rotational transitions or rovibrational

TABLE VII. Predicted Q-branch transitions of HCF (0,0,1) fundamental vibration.

J′ Ka
′ Kc

′ J′′ Ka
′′ Kc

′′ Position (cm−1)

1 1 0 – 1 1 1 1190.2842(3)
2 1 1 – 2 1 2 1190.4107(3)
3 1 2 – 3 1 3 1190.6006(3)
1 1 1 – 1 1 0 1190.0968(3)
2 2 0 – 2 2 1 1190.0939(3)
2 2 1 – 2 2 0 1190.0930(3)
2 1 2 – 2 1 1 1189.8485(3)
1 1 0 – 1 0 1 1204.6217(3)
2 1 1 – 2 0 2 1204.6552(3)
3 1 2 – 3 0 3 1204.7065(3)
1 0 1 – 1 1 0 1175.7803(3)
2 0 2 – 2 1 1 1175.6268(3)
3 0 3 – 3 1 2 1175.3957(3)

transitions with instruments such as the Atacama Large Millime-
ter/submillimeter Array (ALMA) and the James Webb Space Tele-
scope (JWST), respectively.

V. CONCLUSION
Five vibrational states of jet-cooled HCF have been investigated

using high-resolution direct infrared absorption spectroscopy, for
three of which the rotational constants are reported for the first time.
Detailed and systematic rotational analyses of the observed rovi-
brational bands are presented, resulting in accurate spectroscopic
parameters for the (0,0,0), (0,0,1), (0,1,1), (1,0,0), and (1,0,1) vibra-
tional states and significantly extending the available rovibrational
data for the HCF molecule.

A detailed perturbation analysis of the c-type Coriolis interac-
tion between the (1,0,0) and (0,1,1) vibrational manifolds sheds new
light on the rovibrational coupling in HCF and provides an improve-
ment on the previous spectroscopic parameters for both states.
Most dramatically, the strong interaction between the K′a = 2 and
K′a = 3 levels of the (1,0,0) and (0,1,1) states, respectively, has been
analyzed completely. While not directly addressed in the present
experimental rovibrational study, comparison of the experimen-
tal spectral intensities and band origins with those predicted from
ab initio calculations further supports the claim of strong Fermi
interactions between the (1,0,0), (0,1,1), and (0,2,0) states.

SUPPLEMENTARY MATERIAL

See the supplementary material for the complete line lists
with observed minus calculated (o − c) values obtained from the
spectral fitting of the experimental spectrum using the PGOPHER
software.27
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