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Abstract

We report the observation and analysis of spectra in part of the near-infrared
spectrum of C2H, originating in rotational levels in the ground and lowest
two excited bending vibrational levels of the ground X̃ 2Σ+ state. In the
analysis, we have combined present and previously reported high resolution
spectroscopic data for the lower levels involved in the transitions to deter-
mine significantly improved molecular constants to describe the fine and
hyperfine split rotational levels of the radical in the zero point, v2 = 1 and
the 2Σ+ component of v2 = 2. Two of the upper state vibronic levels in-
volved had not been observed previously. The data and analysis indicate
the electronic wavefunction character changes with bending vibrational ex-
citation in the ground state and provide avenues for future measurements of
reactivity of the radical as a function of vibrational excitation.
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1. Introduction

The ethynyl radical, C2H, is an important intermediate in soot forma-
tion in hydrocarbon combustion,[1, 2] in the synthesis of single-walled carbon
nanotubes,[3, 4] and in star-formation regions, late star carbon-containing
circumstellar shells, and in the interstellar medium,[5] where it often serves
as a proxy for the more difficult to detect acetylene. The radical exhibits a
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variety of reactivity including simple H-abstraction with saturated reaction
partners as well as addition followed by collisional stabilization of the in-
ternediate, with unsaturated species.[6] Given its relevance in such a variety
of fields, laboratory spectroscopic and kinetics measurements on the radical
have been extensive. A fairly comprehensive list of the relevant spectroscopic
work before 2003 can be found in references,[7, 8] which describe high level
ab initio calculations of the vibronic energy levels below 10 000 cm−1 . This
work has served as a guide to most of the more recent spectroscopic studies
which have been referenced in our previous report[9] on the near infrared
spectrum of the radical.
Driven by the need for sensitive, non-intrusive, tools for probing the reac-
tivity of the radical, its gas phase infrared (IR) and near-IR spectrum has
been extensively studied. The ground state has 2Σ+ symmetry and the Hi-
rota group[10] made a pioneering study of the C−C stretching vibration in
the mid-IR, while Curl and co-workers[11, 12, 13] concentrated on the C−H
stretching region near 3 µm. The spectra in this region are far more compli-
cated than can be explained by the vibrations of a 2Σ radical and it became
clear that the excited Ã 2Π electronic state strongly influences the structure
of the spectrum. An overview of the bending vibrational mode structure
in the ground state was also obtained in laser-induced fluorescence work by
Hsu et al.[14, 15, 16]
Computational studies by Tarroni and Carter[7, 8] put the analysis of the
experimental data on a more secure footing. They showed that the electronic
wavefunctions for all the excited vibrational levels in the ground 2Σ+-state
possess some degree of A 2Π-state character. At the energies of the C−H
stretching vibration in the ground state, the two electronic states are highly
mixed, and the Ã− X̃ origin band character is shared among at least 6 differ-
ent bands in the spectrum at these wavelengths. In addition, the Ã 2Π-state
suffers a Renner-Teller interaction that breaks the Π-state degeneracy and
leads to even more irrgularities in the energy levels. Subsequent work to
shorter, near-IR, wavelengths by the Nesbitt group[17, 18] remeasured some
of the bands previously observed by Curl and coworkers, and assigned others,
using a slit-jet source that provided simpler spectra. Recent work on C2H
in our group [9] identified and rotationally assigned three bands originating
from the zero point level of the X̃ 2Σ state to upper states around 6630
and 7135 cm−1 by near-IR diode laser transient absorption spectroscopy.
Tarroni and Carter, and matrix spectroscopic measurements by Forney et
al.,[19] showed that bands in this region are the strongest of all bands in the
IR and near-IR spectrum of the radical and they will therefore be ideal can-
didates for future kinetics and dynamics measurements. They derive their
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strength from the Ã(v1, v2, v3) = (0, 0, 2)− X̃(0, 0, 0) band, which has a large
Franck-Condon factor. The spectra could be rotationally and vibronically
assigned using known ground state combination differences[20] and by com-
parison to the predictions of Tarroni and Carter.[8] All the spectral features
assigned in our earlier work are due to absorption from the ground state, but
many additional bands were clearly present in the observed spectra, partic-
ularly in samples recorded at times before collisinal relaxation simplified the
spectrum. In the present paper, we report ro-vibronic assignments in the
same spectral region for transitions originating in vibrationally hot bending
levels and have also extended the wavelength coverage to record a further
2Π−2 Σ band, near 6820 cm−1 , originating in the ground state.

2. Experiment

Details of the spectrometer used here have been given previously.[9] A
Sacher Lasertecknik tunable diode laser, model TEC 500, with output cen-
tered at 1450 nm was used to record Doppler-limited spectra between 6600
and 6900 cm−1 , following 193 nm ArF excimer laser photolysis of 3,3,3
trifluoropropene, CF3C2H, as a source of C2H. For most of the work, a
dual beam setup was employed to reduce laser source noise and the sig-
nal and reference beams were imaged on to the elements of an a.c.-coupled
dual InGaAs photoreceiver (New Focus 1617). A spectrum was obtained
by averaging 40 (typically) photolysis laser shots per wavelength step of,
normally, 0.005 cm−1 in a 1:1 mixture of CF3C2H and argon at a total
pressure of 1.0 Torr with a detection time gate of 1.0 µs starting at either
zero time delay following the photolysis or after few µs of delay time to
allow for partial collisional relaxation of the initially hot sample. The newly
observed Ã 2Π − X̃ 2Σ(0, 0, 0) band near 6820 cm−1 was recorded using a
frequency-modulated laser beam and heterodyne detection, similar to our
previous work on CH2 near-IR spectra.[21] The chemical conditions were
also changed, with a 10× lower overall precursor concentration and lower
overall pressure, see below. These changes resulted in improved signal-to-
noise ratios compared to the dual beam setup used previously.[9]

3. Results and Analysis

3.1. Results

Spectra in the region covered by the present data were partially assigned
previously[9] but searches for hot band transitions were unsuccessful at the
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time because they used combination differences based on the rotational and
fine structure parameters for the lower level reported by Kanamori et al.[10]
The sign of Λ-doubling parameters p, q, and qD reported by Kanamori et
al., and also in work on different bands by Curl et al.[12, 13] assumed a con-
vention appropriate for vibrational `-doubling resulting in a reversal in sign
compared to the case(a) electronic Hamiltonian used here. This confusion
was first pointed out by Hsu and co- workers.[14, 15] The sign convention
used by Hsu et al., and ourselves, is also consistent with the older millime-
ter wave[22] and far-infrared laser magnetic resonance[23] measurements,
but the sign confusion was not recognized until much later.
With the revised Λ−doubling sign, a re-examination of the earlier spectra
has permitted many new assignments to be made. As an example, a 30
cm−1 section of the observed spectra shown at 2.6 µs time delay between
photolysis and detection to allow for partial rotational relaxation, is shown
in Figure 1. Lines marked with an asterisk were previously assigned to
R1 and R2 branches to a 2Σ+ state at 7088 cm−1 from the X̃(0, 0, 0) 2Σ+

ground state.[9] An additional 2Σ+ ← 2Σ+ band pattern was recognized,
and assigned to transitions originating from the v′′2 = 2, X̃(0, 20, 0) 2Σ+

state. The R1 and R2 branches of the 2Σ+ ← X̃(0, 11, 0) 2Π and the
2Σ+ ← X̃(0, 20, 0) 2Σ+ band are both indicated on the figure. Details of
all the transitions assigned in the present work are available as supplemen-
tary data for this paper.[24]
A combination differences search program was written assuming parameters
from Hsu et al.[14] to identify hot band transitions originating from the
(0, 11, 0) 2Π symmetry level to either a 2Π- or 2Σ+-symmetry state. With a
small negative value for the X̃(0, 11, 0) spin-orbit constant, A,[22] the case
(a) 2Π3/2 and 2Π1/2 energy levels map onto F1 and F2, respectively, in a
case(b) representation.[25] Six main branches (P1, P2, Q1, Q2, R1, and R2)
are expected for 2Σ+ ← 2Π transitions, similar to the 2Π← 2Σ+ transitions
previously assigned. Four weaker satellite branches, with F1 ↔ F2 were not
observed. Fortrat diagrams [25] for the expected bands based on the known
lower level rotational combination differences were found to be useful aids
in making assignments.
Spectra in the region between 6780 cm−1 and 6870 cm−1 were recorded more
recently and typical results are shown in Figure 2. The improved signal-to-
noise ratio compared to Fig. 1 is due to a combination of the change to
FM detection and, mainly, more favorable chemical conditions at the lower
pressure and concentrations used, as detailed in the figure captions.
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3.2. Analysis

3.2.1. The 2Σ+(7088)← X̃(0, 11, 0) 2Π band

In total, 77 transitions from rotational levels in the X̃(0, 11, 0) 2Π state to
those in the previously observed[9] 2Σ state at 7088 cm−1 were identified via
lower state combinational differences, initially using the constants reported
by Hsu et al.[14] The upper state in this transition suffers strong perturba-
tions that were identified in the earlier work.[9] We have combined all the
published high precision spectroscopic data for the lower X̃(0, 11, 0) 2Π level
in a weighted least squares fit to the lower state constants. We included the
microwave rotational transition frequencies, with their hyperfine splittings,
reported by Woodward et al.[22] and combination differences extracted from
the mid-infrared data of Kanamori and Hirota[10] that originate in the same
lower level, as well as an extensive set of lower state combination differences
from the present measurements. The data were weighted as the inverse
square of the measurement uncertainties. Woodward’s [22] data explicitly
lists estimated measurement errors for each point, while the infrared combi-
nation differences[10] were assumed to have an uncertainty of ±0.001 cm−1

and the present ones ±0.002 cm−1 .
The 2Π Hamiltonian used was that of Kawaguchi et al.,[26] but including
a spin-rotation coupling term Hsr = γJ.S more appropriate for the case(b)
nature of the state, instead of terms representing centrifugal distortion cor-
rections to the spin-orbit coupling. Brown and Watson[27] showed that
energy contributions from these two types of terms are not distinguishable.
Higher order corrections to the lambda-doubling terms were included us-
ing the matrix procedure on page 546 of Brown and Carrington.[28] The
resulting molecular constants for the X̃ 2Π (0, 11, 0) level are listed in Table
1. The centrifugal distortion correction to the Λ−doubling parameter p was
not determined and fixed at zero. A non-zero value for this parameter was
reported by Woodward et al.,[22] but with a 1σ uncertainty twice as large as
the parameter value. The other parameters are very close to those reported
by Woodward et al., but are slightly better determined. Most importantly,
they reproduce all the observed X̃ 2Π (0, 11, 0) levels to within the measure-
ment uncertainties.
For the upper 2Σ+(7088) level in this transition, the energies and molecular
parameters were determined in our earlier work[9] via transitions from the
X̃2Σ+ zero point level. In the course of the present analyses, we have refit
these data using a refined set of molecular constants for the zero point level
obtained in a combined, weighted, fit of the known microwave and astronom-
ical data[20] and combination differences from the near-infrared data that,
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although less precise, extend to much higher rotational levels. The resulting
parameters are given in the first column of Table 1 and reproduce all the
rotational levels up to N=22 to within their measurement precision. With
these lower state constants, data for transitions to unperturbed upper state
rotational levels in the upper state[9] were refit yielding the parameters in
Table 2. Combining these results, transition frequencies for all unperturbed
assigned lines in the present band, were well reproduced with a shift of
+0.003 cm−1 in the upper state energy compared to the value determined
from the data for the band from the X̃2Σ+ (000) level. The shift could
also be accommodated by a similar (negative) change in the assumed[10]
X̃(0, 11, 0) 2Π energy of 371.6034 cm−1 . This wavenumber difference is
marginally greater than the estimated measurement error, and must be due
to an absolute wavenumber calibration inaccuracy between the various mea-
surements. The supplementary information for this paper[24] also includes
calculated rotational energy levels for all the vibronic levels involved in the
observed transitions based on the spectroscopic constants in Tables 1 and 2.

3.2.2. The 2Σ+(7527)← X̃(0, 20, 0) 2Σ+ band

In a similar way, 44 measured transition wavenumbers for the 2Σ+ (7527
cm−1) ← X̃(0, 20, 0) 2Σ+ band were identified via combination differences
using the known[29] X̃(0, 20, 0) 2Σ+ state parameters. During the analysis,
it became clear that higher spin-rotational intervals in the X̃ 2Σ+ (0, 20, 0)
lower state were systematically different to those computed using the re-
ported [29] molecular constants. Similar to what was done for the band
above, ground state combination differences from the present measurements
were combined with the more precisely measured rotational intervals for the
lowest few rotational levels of the lower X̃(0, 20, 0) 2Σ+ state in a weighted
least squares fit to determine the best fit lower state molecular parameters.
This process brought to light the fact that the lowest frequency rotational
transition reported in this vibrational level was inconsistent with the remain-
der of the data, being calculated 1.14 MHz above the published frequency
using the best fit constants in Table 1. Killian et al.[29] reported only one
hyperfine component in the N = 1 ← 0 rotational transition of X̃(0, 20, 0)
C2H. This rotational transtion is expected (and seen, in other vibrational
levels) to possess five observable hyperfine components. On the basis of the
rest of the available data, the reported line frequency does not match any
possible hyperfine component of this transition in X̃2Σ+(0, 20, 0). In the
original report,[29] only N = 1 ← 0 , 2 ← 1 and 3 ← 2 transtions were ob-
served in this vibrational level, and the discrepancy in the lowest one was
hidden because 4 rotational and spin-rotational constants were varied to fit
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the observed energy intervals. The original fitting resulted in an unphysical
negative value for the centrifugal distotion constant, D, and an additional
term representing the centrifugal distortion correction the the spin-rotation
coupling, γD, that was not needed for any of the other observed vibrational
levels.
Finally, the microwave data, excluding the N=1 ← 0 transition, were com-
bined with 43 near infrared transitions terminating in upper state levels
determined to be unperturbed in a weighted least squares fit to determine
upper and lower state molecular constants. The results are summarized in
the two tables. The perturbed transitions are noted in the appropriate ta-
bles in the supplementary data for this paper.[24] The upper state is 6733
cm−1 above the X̃ 2Σ+ (0, 20, 0) state. The upper state centrifugal distor-
tion constant is negative, but this may plausibly be the case in the highly
mixed and perturbed vibronic levels at this energy in C2H. Overall, this level
shows much smaller levels of perturbation than the lower energy 2Σ+ (7088)
state described in section 3.2.1. The lower level rotational structure is more
regular than implied by the results in reference,[29] although one higher
centrifugal distortion constant (H) was required to satisfactorily model the
measurements compared to the two lower vibrational levels in table 1.

3.2.3. The 2Π(6819)← X̃(0, 0, 0) 2Σ+ band

Spectra near 1.47 µm showed several clear progressions that have been
assigned to a new band corresponding to absorption from the ground state
of the radical and terminating in a previously unobserved 2Π state. Com-
bination differences permitted unambigous assignments to the main P- and
R-branch series from the two fine structure components of the ground 2Σ
state. Figure 2 shows part of the R-branch series including the band head
region. From the figure, it is clear that the R1−branch suffers a severe
perturbation around R1(12) where the regular progression observed from
lower rotational quantum numbers ceases. The spectral coverage did not
extend to low enough frequencies to permit the observation of the corre-
sponding P1−branch lines. In fact, fitting of the data showed that the
R1(8), R1(9) and R1(10) lines were progressively shifted away from their
predicted positions in the spectrum. By contrast, the R2−branch lines are
quite regular. There is a well-known problem making unanbiguous assign-
ments to the Q−branch lines in this band type, because they terminate in
the other Λ−doublet component to the P and R-lines. Assignments were
made by assuming the smallest magnitude Λ−doubling at the lowest rota-
tional quantum number. Changing the spectral assignments by ±1 in N
resulted in much poorer fits.
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In total, 72 rotational transitions have been assigned and the data are avail-
able as supplementary data.[24] Since the lower state levels are now very well
known, a least squares fit to spectroscopic constants for the upper state en-
ergy levels was performed. The results are summarized in the third column
of Table 2. The position of the origin corresponds closely to a level of 2Π
symmetry calculated[7] at 6824.8 cm−1 and identified as a level with a dom-
inant contributions of X̃(2, 11, 0), Ã(0, 0, 2)1 to the electronic wavefunction.
The fitting required a number of higher order distortion-type constants but,
even so, the levels were not fit to the expected measurement precision with
a fit variance of 4.4 times the expected based on measurement uncertainties.
Small local and global perturbations present in the rotational energy level
structure are the reason for this.

4. Discussion and Conclusions

In this and earlier[9] work, we have analyzed data covering a small re-
gion of the extensive[7, 8] near-infrared spectrum of the C2H radical. The
assigned transitions mostly originate in bending vibrationally hot levels of
the ground state and terminate in a 2Σ+ state lying at 7088 cm−1 above
the zero point X̃ 2Σ+ level and a second 2Σ+ level at 7527 cm−1 . Both
upper levels are predicted to be strongly vibronically mixed.[8] The first
has previously been spectroscopically observed[9] but the higher energy one
has not previously been reported. Tarroni and Carter[8] computed a level
of the correct symmetry approximately 20 cm−1 above the observed band
origin and identified the dominant contribution to the wavefunction to be
X̃(1, 20, 2) 2Σ+.
The lower levels in the assigned transitions have been spectroscopically char-
acterized previously, but we have combined data in the literature with the
present measurements to refine the spectroscopic parameters describing the
fine and hyperfine split rotational levels so that the new molecular constants
reproduce all the known levels up to above N = 20 to within their measured
precision. These results permit reliable modelling of spectra involving these
levels at temperatures up to and slightly above ambient. In the process, a
misassignment of a microwave transition in the X̃(0, 20, 0) 2Σ+ vibrational
level was identified. Removing this one line resulted in a correction of the
centrifugal distortion constant that had previously been reported as nega-
tive, which prevented accurate calculation of higher rotational level energies
in this vibrational level. Because the 2Σ+ (7088) upper state in this work
was also connected to the zero point level of the ground state by our earlier
work, we have similarly refined and improved the ground state molecular
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parameters for the radical.
In open-shell linear molecules such as CCH, the vibrational and the elec-
tronic orbital angular momenta are strongly coupled by the Renner-Teller
effect, and Λ-type and `-type doubling combine to produce a resultant K-
type doubling.[30] Λ-type doubling in a 2Π electronic state is described by
two parameters p and q, but `-type doubling requires only one, q. In an iso-
lated 2Π electronic state, the Λ-doubling constant p is usually much greater
than q as it is in the case of the mixed 2Π upper states (Table 2). However,
p�q in the X̃(0, 11, 0) 2Π state indicating that the vibrational contribution
to q is much larger than the electronic contribution in this case, not entirely
surprising because this level lies deep in the X̃ state potential and has been
calculated to possess 95% X̃ 2Σ+ character.[7]
Table 3 summarizes the published high resolution experimental and compu-
tational work on levels accessed in the near-infrared spectrum of C2H. The
agreement between theory and experiment is, for the most part, outstand-
ing. Most of the states are strongly mixed, but the trends in the measured
rotational constants generally reflect the calculated vibrational wavefunc-
tion character, decreasing with stretching excitation while increasing with
bend quantum number. Where they are available, the computed rotational
constants are in excellent agreement with those observed, particularly for
the lower energy levels in table 3. The measured and calculated rotational
constants also decrease with increasing A 2Π character.
A notable outlier is the observed 2Π state at 4109.9 cm−1 . Assuming the
assignment of the close by 4102.3 cm−1 2Π state is correct, there is no other
calculated 2Π state within 100 cm−1 . However there is a 2∆ state calculated
at 4091.9 cm−1 , with an estimated rotational constant, B = 1.408 cm−1 and
spin-orbit splitting of -3.29 cm−1 . These (particularly the spin-orbit split-
ting) agree well with those derived from the observed spectrum[18] so one is
tempted to assign the observed 4109.9 cm−1 state to the 2∆ symmetry one
calculated at 4091.9 cm−1 . A 2∆−2 Σ band would be expected to be weak
or forbidden, but may be observed as a result of combined spin-orbit, anhar-
monic and Renner-Teller mixing of ∆ and Π states, as shown by Northrup
and Sears[31] in NCS and also observed in a few other cases.[32] Formally
a 2∆−2 Σ transition, the band would have very similar rotational structure
to a 2Π−2 Σ band with just a few, weak, low-J lines missing. Mixing of the
2∆ state with the nearby 2Π(4102.3) state that is connected to the ground
state by a very strong transition moment provides a plausible mechanism
for its observation.
The variation of the hyperfine parameter b with vibration in the X̃ state is
interesting. Since the spin-spin dipolar contribution to the hyperfine cou-
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pling (c) does not change significantly, the variation must be arising due to
changes in the Fermi-contact parameter, bF , which is[28] bF = b + c/3. In
low-lying vibrational levels such as these, one does not normally expect much
variation in hyperfine coupling with vibrational excitation. The marked re-
duction in size of the Fermi-contact contribution to the hyperfine coupling
here imples a decrease in sigma character of the electronic wavefunction
within 700 cm−1 of excitation above the zero point level. However, Tarroni
and Carter[7] find the Π-state character of the wavefunction does not change
between the X̃(0, 11, 0) 2Π and X̃(0, 20, 0) 2Σ+ levels: both are calculated to
possess about 5% Π character, so this apparently cannot explain the ob-
served variation in the size of the Fermi-contact parameter.
In summary, we have reported new assignments in the near infrared spec-
trum of this radical and improved the precision of all the spectroscopic con-
stants for the zero-point and two low-lying vibrational levels in the ground
electronic state. Aside from their intrinsic spectroscopic interest, the new
data will be useful for future kinetic and dynamical measurements in the
many reaction systems where C2H plays a role.
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Figure 1: A: A 30 cm−1 section of the thermally relaxed observed spectrum at 2.6 µs time
delay following the photolysis laser pulse in a 50% mixture of precursor in argon at 1 Torr
total pressure. B: Simulated spectra including the 2Σ+(7088 cm−1 )← X̃(0, 11, 0) 2Π and
2Σ+ (7527 cm−1 )← X̃(0, 20, 0) 2Σ+ transitions were obtained using the optimized set of
parameters in Tables 1 and 2. Lines marked with an asterisk show the previously assigned
X̃(0, 80, 2) 2Σ+ ← X̃(0, 0, 0) 2Σ+ transitions. The upper markers show the assignments
for the two hot bands.
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µsec delay and 1 µsec detection gate. Lineshapes are first derivatives of the absorption.
The R1 series suffers a strong perturbation above R1(11), while the R2 lines are regular
and form a band head near N=15.
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Table 1: Spectroscopic parameters in MHz for the lower states in the observed C2H bandsa

X̃(0, 0, 0) X̃(0, 11, 0) X̃(0, 20, 0)
2Σ+ 2Π 2Σ+

A 10391.15(24)
B 43674.5370(3) 43508.4504(73) 43548.314(20)
D 0.106851(35) 0.11459(34) 0.0949(14)
102H 0.8162(11)
γ -62.5947(12) -46.735(60) -34.75(16)
102 γD -0.496(37) -1.93(80)
p -4.354(38)
q -340.5142(96)
102 qD 0.208(60)
a− (b+ c)/2b -21.698(76)
a+ (b+ c)/2b 22.63(12)
b 40.4255(38) 31.08(10) 26.61(17)
c 12.2488(48) 12.76(28)
d 3.490(67)
Originc 0 371.6034(3)d 794.300(6)e

Calculated valuesf

Originc 0 371.4 794.3

a. The numbers in parenthesis are one standard
deviation of the fit in units of the last quoted decimal place.
b. Combination of hyperfine parameters.
Derived constants: a = 0.47(14), c = 13.25(17) MHz.
c. In wavenumbers (cm−1 )
d. From Reference [10]
e. From Reference [16]
f. Predicted values are from Tarroni and Carter [7]
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Table 2: Spectroscopic parameters in wavenumbers (cm−1 ) for the upper levels in the
observed near-IR C2H bandsa,b

X̃(0, 80, 2) 2Π (6819.3) 2Σ (7087.6) 2Π (7109.6) X̃(1, 20, 2)
2Σ+,c 2Πd 2Σ+,d 2Πc 2Σ+,d

A -9.3640(85) -4.29(2)
B 1.42115(5) 1.37263(18) 1.3940939(21) 1.3719(1) 1.430515(26)
105D 1.582(3) -0.31(20)e 0.89473(97) 0.68(4) -7.850(16)
102 γ 0.0015(2) 3.03(11) -0.73636(67) -0.0336(6) -0.1940(81)
102 p+ 2q -3.47(20) -9.25(8)
103 q 2.89(15) -4.47(3)
Origin 6695.678(2) 6819.2687(41) 7087.64950(8) 7109.646(6) 7527.0986(9)f

Calculated valuesg

Origin 6696.7 6824.8 7099.0 7106.7 7547.7

a. State labels from Ref.[7] are: X̃(2, 11, 0)Ã(0, 0, 2)1,

X̃(0, 20, 3)Ã(0, 3, 0)0, and X̃(0, 31, 3)Ã(0, 0, 2)1 for levels at 6819.3,
7087.6 and 7109.6 cm−1 , respectively. The numbers in parenthesis are one
standard deviation of the fit in units of the last quoted decimal place.
b. Lower state parameters are given in Table 1.
c. Taken from Ref. [9]
d. Improved or newly determined parameters.
e. Higher order parameters determined for this state: H = 1.46(55)× 10−8,
(p+ 2q)D = −1.138(22)× 10−3 and qD = 1.10(13)× 10−5.
f. Error does not include error in lower state energy in Table 1.
g. Predicted values are from Tarroni and Carter.[7]
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Table 3: Summary of some observed and calculated properties of observed vibronic states
in the near-IR spectrum of C2H.

Origin (calc.)a Assignmentb Π Char.c Absorption B (calc.)e

Strengthd

2Σ vibronic states
3298.9f (3301.1) X(1, 00, 0) 0.044 20.7 1.443 (1.444)
3366.4f (3371.1) X(0, 40, 1) 0.116 86.5 1.435 (1.433)
3546.8f (3546.9) X(0, 00, 2)X(0, 80, 0) 0.119 46.1 1.444 (1.440)
5160.2f (5160.8) X(1, 00, 1)X(0, 80, 1)A(0, 1, 0)0κ 0.163 157.9 1.425 (1.424)
5402.6f (5405.7) X(0, 120, 0)A(0, 1, 0)0κ 0.272 1065.9 1.443 (1.443)
5542.9f (5527.2) X(0, 120, 0)A(0, 1, 0)0κ 0.361 1956.3 1.418 (1.423)
6695.7g (6696.7) X(0, 80, 2) 0.204 327.5 1.421 (· · · )
7087.6g (7099.0) X(0, 20, 3)A(0, 3, 0)0κ 0.405 1384.1 1.394 (· · · )
7527.1g (7547.7) X(1, 20, 2)? 0.107 66.3 1.431 (· · · )

2Π vibronic states
3600.4h (3604.4) X(0, 11, 2)X(1, 11, 0)A(0, 0, 0)1 0.301 6.9 1.405 (1.402)
3692.6h (3690.5) X(1, 11, 0)X(0, 11, 2)A(0, 0, 0)1 0.244 301.6 1.412 (1.411)
3786.1h (3790.9) X(0, 51, 1)A(0, 0, 0)1 0.215 374.6 1.423 (1.421)
4102.3h (4093.6) X(0, 91, 0)A(0, 0, 0)1 0.256 977.3 1.437 (1.429)
4107.9h (· · · )i (· · · ) (· · · ) (· · · ) 1.414 (· · · )
6819.3g (6824.8) X(2, 11, 0)A(0, 0, 2)1 0.370 786.3 1.373 (· · · )
7109.6g (7106.7) X(0, 31, 3)A(0, 0, 2)1 0.381 744.2 1.372 (· · · )
a. Observed (calculated)[7, 8] band orgins in cm−1 .
b. State labels from Ref.[7]
c. Calculated fractional A 2Π state character.[7, 8]
d. Calculated absorption strength (km.mol−1) for transitions from X(0, 0, 0).[7, 8]
e. Observed (calculated)[7, 8] rotational constants in cm−1 . Where not shown,
calculated values are not available.
f. From reference [33].
g. This work.
h. References [17, 18].
i. There is no corresponding 2Π symmetry state predicted nearby, see text.
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Supplementary Table 1.  Fit of (010) doublet Pi level energy differences
  2F’ *Parity’Num.’ **   2F’’ Parity’’Num.’’    Obs. Freq.   Uncerty.  Calcd. Freq.    Obs-Calc

     GHz     GHz      GHz      GHz
Microwave data from Woodward et al. Astron. Astrophys. V186, pp L14-L18 (1987) Hyperfine split levels in wavenumbers*

2 1 3 0 -1 1 170.885841 8.20E-05 170.885801 0.000040 F=0 1.40467 1.38181
4 1 3 2 -1 2 170.887030 2.90E-05 170.887031 -0.000001 1 7.27751 7.20937 1.72623 1.70352 1.15465 1.13207
2 1 3 2 -1 2 170.897890 4.20E-05 170.897907 -0.000017 2 16.02549 15.88914 7.44916 7.38099 7.12038 7.05255 1.48315 1.46064
2 -1 3 0 1 1 172.246787 4.60E-05 172.246756 0.000031 3 27.68356 27.45629 16.14669 16.01031 15.91176 15.77588 7.30153 7.23369
4 -1 3 2 1 2 172.249761 2.00E-05 172.249765 -0.000004 4 42.25361 41.91270 27.77752 27.59272 27.55022 27.36608 16.03848 15.90259
2 -1 3 2 1 2 172.263532 3.80E-05 172.263518 0.000014 5 59.73571 59.25848 42.33037 42.17653 41.98944 41.83642 27.69045 27.46379
6 1 1 4 -1 1 174.215440 2.60E-05 174.215430 0.000010 6 80.12954 79.49330 59.80060 59.66756 59.32335 59.19129 42.25615 41.91603
4 1 2 2 -1 1 174.219435 2.60E-05 174.219434 0.000001 7 103.43454 102.61662 80.18572 80.06745 79.54947 79.43234 59.73480 59.25851
6 -1 1 4 1 1 175.575067 9.50E-05 175.575041 0.000026 8 129.65002 128.62776 103.48407 103.37667 102.66613 102.56005 80.12566 79.49054
4 -1 2 2 1 1 175.578769 4.10E-05 175.578766 0.000003 9 158.77519 157.52594 129.69430 129.59512 128.67203 128.57435 103.42801 102.61138
4 -1 4 2 1 3 259.152150 7.60E-05 259.152520 -0.000370 10 190.80915 189.31028 158.81522 158.72237 157.56596 157.47480 129.64105 128.62027
6 -1 3 4 1 3 259.152150 7.60E-05 259.151848 0.000302 11 225.75088 223.97979 190.84566 190.75774 189.34678 189.26075 158.76394 157.51635
4 1 4 2 -1 3 261.196725 7.60E-05 261.196871 -0.000146 12 263.59930 261.53338 225.78444 225.70039 224.01334 223.93138 190.79571 189.29871
6 1 3 4 -1 3 261.196725 7.60E-05 261.196611 0.000114 13 304.35319 301.96989 263.63034 263.54933 261.56442 261.48572 225.73535 223.96632
8 -1 1 6 1 1 260.447247 3.20E-05 260.447249 -0.000002 14 348.01128 345.28804 304.38206 304.30345 301.99875 301.92266 263.58172 261.51809
6 -1 2 4 1 2 260.448876 3.50E-05 260.448889 -0.000013 15 394.57217 391.48647 348.03826 347.96150 345.31501 345.24102 304.33362 301.95283
8 1 1 6 -1 1 262.487823 2.00E-05 262.487868 -0.000045 16 444.03440 440.56374 394.59749 394.52215 391.51178 391.43946 347.98975 345.26926
6 1 2 4 -1 2 262.489430 2.40E-05 262.489366 0.000064 17 496.39638 492.51829 444.05824 443.98396 440.58757 440.51658 394.54871 391.46601
8 1 3 6 -1 3 346.249035 1.00E-04 346.248688 0.000347 18 551.65645 547.34850 496.41891 496.34538 492.54081 492.47085 444.00903 440.54163
6 1 4 4 -1 4 346.249035 1.00E-04 346.249206 -0.000171 19 609.81287 605.05264 551.67781 551.60477 547.36984 547.30067 496.36912 492.49458
8 -1 3 6 1 3 348.974523 1.10E-04 348.974388 0.000135 20 670.86377 665.62888 609.83316 609.76039 605.07291 605.00433 551.62731 547.32320
6 -1 4 4 1 4 348.974523 1.10E-04 348.974719 -0.000196

10 1 1 8 -1 1 346.928993 7.50E-05 346.928566 0.000427
8 1 2 6 -1 2 346.928993 7.50E-05 346.929443 -0.000450 *T_0 not included

Combination Differences from Kanamori et al. J. Chem. Phys. V89, pp 3962-3969 (1988)
17 -1 2 13 -1 2 1472.79 3.00E-02 1472.81 -0.03
19 -1 1 15 -1 1 1473.03 3.00E-02 1473.04 0.00
7 -1 2 3 -1 2 610.15 3.00E-02 610.17 -0.03
7 1 2 3 1 2 605.34 3.00E-02 605.40 -0.06

21 1 2 17 1 2 1833.41 3.00E-02 1833.38 0.04
23 1 1 19 1 1 1833.52 3.00E-02 1833.48 0.04
19 1 2 15 1 2 1646.05 3.00E-02 1645.98 0.07
21 1 1 17 1 1 1646.17 3.00E-02 1646.14 0.02
13 1 2 9 1 2 1135.21 3.00E-02 1135.13 0.08
15 1 1 11 1 1 1135.70 3.00E-02 1135.57 0.12
11 1 2 7 1 2 952.92 3.00E-02 952.88 0.04
13 1 1 9 1 1 953.63 3.00E-02 953.56 0.07

Combination Differences from present near infrared data
7 -1 1 3 -1 1 434.82 5.00E-02 434.66 0.16
9 1 1 5 1 1 607.20 5.00E-02 607.38 -0.18

11 -1 1 7 -1 1 780.45 5.00E-02 780.42 0.03
13 1 1 9 1 1 953.49 5.00E-02 953.56 -0.07
15 -1 1 11 -1 1 1126.38 5.00E-02 1126.73 -0.35
17 1 1 13 1 1 1299.63 5.00E-02 1299.89 -0.26
19 -1 1 15 -1 1 1472.91 5.00E-02 1473.04 -0.13
21 1 1 17 1 1 1646.22 5.00E-02 1646.14 0.08
23 -1 1 19 -1 1 1819.29 5.00E-02 1819.20 0.09
7 1 2 3 1 2 605.19 5.00E-02 605.40 -0.21
9 -1 2 5 -1 2 778.95 5.00E-02 779.33 -0.38

11 1 2 7 1 2 952.95 5.00E-02 952.88 0.07
13 -1 2 9 -1 2 1126.20 5.00E-02 1126.28 -0.08
15 1 2 11 1 2 1299.42 5.00E-02 1299.58 -0.16
17 -1 2 13 -1 2 1472.55 5.00E-02 1472.81 -0.26
19 1 2 15 1 2 1645.83 5.00E-02 1645.98 -0.15

* Twice the F value of the level
** Number counting from the lowest energy level with this F and parity


