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derived.

Gas-phase overtone bands of methyl acetate and ethyl acetate were detected for up to v = 6-0 by incoherent
broad-band cavity-enhanced absorption spectroscopy. The signal-to-noise ratios of v = 4-0 were achieved to be
40-50 by the 100 s integration time, suggesting an application possibility of this spectroscopic technique for
environmental monitoring. Profiles of the observed overtone bands were analyzed in detail with the aid of
theoretical calculations and their remarkable peaks were assigned to the progressions starting from the sym-
metric CH-stretching bands. The harmonic frequencies, the anharmonicities, and the dissociation energies were

1. Introduction

The atmospheric degradation of volatile organic compounds (VOCs)
has been of great interest because of their contribution to the chemical
network on the earth. Ester taking the form of RCO,R’, where R and R
are the hydrocarbon parts, is one of the most important classes of VOCs.
Ester exists in space as methyl formate [1], methyl acetate [2], and
others. On the earth, though natural source of ester is fruits, it is known
that industrial activities are responsible for the release of ester to at-
mosphere [3]. For instance, ester is frequently used as paints, adhesion
bonds, fumigants, perfume, and organic solvents. Thus, it is crucial to
understand about basic spectroscopic features including vibrational
structure of ester to carry out quantitative monitoring in indoor and
outdoor environments.

The CH-stretching overtone bands could be excellent probes for
environmental monitoring, as their spectroscopic frequencies fall in the
“atmospheric windows” and have less overlapping with vibrational
peaks of inorganic gases. Profiles of the overtone bands are useful
identifiers of molecular species, as overtone bands generally consist of
superimpose of a number of vibrational modes. Thus, prior to moni-
toring, spectroscopic measurements of profiles for individual ester
compounds in laboratory are essential.

Environmental monitoring of chemical species requires us to mea-
sure gas concentrations and compositions over a long period of time.
Pourier transform infrared (FT-IR) spectroscopy, for example, is
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employed as a commonly used reliable way to evaluate gas concentra-
tions. This spectroscopic method measures absorption lines belonging to
vibrational transitions. However, this spectroscopic technique is not
preferable for long-period continuous monitoring, because a mechanical
moving part (mirror) is indispensable for acquiring an interference
pattern.

Incoherent broad-band cavity-enhanced absorption spectroscopy
(IBB-CEAS, hear after CEAS) developed by Fiedler et al, [4] seems to be
ideal for long-period monitoring, because no moving parts are required
during measurement. The apparatus for this spectroscopic method
generally consists from a continuous light source, an optical cavity, and
a spectrometer. Thus, frequent replacements of mechanically moving
components are not necessary. CEAS has been evaluated for detections
of the electronic transitions of gas-phase molecules [567] and the par-
ticle scattering by aerosols [8]. However, this relatively new spectro-
scopic approach has not been tested for detections of overtone bands so
far,

Methyl acetate (MA) and Ethyl acetate (EA) are simple and funda-
mental esters. The vibronic structure of fundamental bands in the
infrared region up to 3050 cm™ for EA in liquid and crystalline states
was observed by Mido et al. [2]. The vibrational feature up to 4000 em™!
for MA was investigated in solid Argon by Patten et al. [10], Overtone
bands of MA and EA in the liquid phase were observed as wide-range
lower-resolution spectra [11]. On the other hand, for the practical
monitoring of VOCs in environment, it is essential to understand spectral



M. Araki et al

Plano-convex lens
(f=50 mm)

J[ Xe lamp

T N
-
= i -D/

Mirror

Sample

holder

Chemical Physics Letters 796 (2022) 139568
Long and short pass filters

S J

Monochromator

f-matching lens r
(f=70 mm)
N |
CCD Detector
p Mirror
YR holder
Gas Cell i‘l'

Optical Cavity (580 mm)

Fig. 1. Setup of incoherent broad-band cavity-enhanced absorption spectrometer.

profiles of corresponding compounds in the gas phase, which would
differ considerably from those in the condense phase. The vibrational
structure was reported for EA in the gas phase up to 1900 cm™ by Ha
et al. [12]. However, overtone bands for both MA and EA in the gas
phase, which are expected to appear in the visible and near-infrared
range, have not been recorded for far.

In this paper, we report construction of a totally new apparatus for
CEAS and its sensitivity evaluation by measuring VOC’s overtone bands
of MA and EA. The gas-phase profiles of the v = 4-0, 5-0, and 6-0 CH-
stretching overtone bands were presented for the first time. Finally, we
discuss their spectroscopic parameters as identifiers to monitor VOCs.

2. Experimental

A setup of incoherent broad-band cavity-enhanced absorption spec-
trometer was newly constructed, as shown in Fig. 1 [13], As a contin-
uous light source, a Xe-lamp (Hamamatsu 1.2173) was used in the case of
observations in a 586-761 nm range and a tungsten lamp was utilized in
the case of 871-937 nm to prevent disturbance by strong atomic emis-
sion lines of Xe. Light output from the Xe (tungsten) lamp was roughly
parallelized and slightly converged by using a plano-convex lens of f =
50 mm. The pair of the dielectric multi-layer mirrors having a reflec-
tance of R ~ 0.9999 over a wavelength range of roughly 100 nm and a
diameter of 0.8-1.0 in. was installed to construct an optical cavity as
windows of a gas cell by using a pair of mirror holders (CRD optics,
902-8008). After passing through short-pass and long-pass filters, light
output from the cavity was focused on an inlet of a monochromator
(HORIBA Jobin Yvon iHR320) by using an f-matching plano-convex lens
of f =70 mm. The monochromator having a focal length of 320 mm used
a grating with groove density of 1200 grooves/mm, giving a resolution
of 0.03 nm per pixel at maximum. We applied a slit width of 0.1 mm,
which provides an effective full width at half maximum (FWHM) reso-
lution of 2 em ™2, The dispersed emission was detected by a CCD detector
(ANDO, iDUS416, 2000 x 256 pixels) cooled at — 70 °C. This can cover a
wavelength range of ~ 60 nm (~1100 cm™! at around 730 nm), which
allows us to record a whole profile of each overtone peak. Integration
time was 100 s for v = 4-0, 200 s for v = 5-0, and 400 s for v = 6-0.
Obtained spectra were calibrated in an accuracy of 0.4 cm™! by atomic
lines from a mercury lamp.

The short-pass and long-pass filters were used to cut background
light out of a reflection band of the dielectric multi-layer mirrors. This
process is extremely important practically, because the light output from
the Xe (tungsten) lamp can enter almost directly to the monochromator
without these filters. A light intensity in the background light would be

Table 1
Cut-on and cut-off wavelengths of long-pass and short-pass filters (nm),
Reflection band of Observed Transition  Cut-on Cut-off
mirror’ wavelength range
580-665 586-652 v=60 520, 550, 675,
590 800
700-820 698-761 v=5-0 695 750,
800
825-935 871-937 v=4-0 650, 850 1000

® approximately.

~ 10* times stronger in unit wavelength than that in the reflection band,
causing strong stray light in the monochromator. The combinations of
the filters and the reflection bands of the mirrors are listed in Table 1,

To measure the v = 4-0 overtone bands of MA and EA, individual
samples were filled in the gas cell at a pressure of 2-6 torr. However, to
detect the higher overtone bands of v = 5-0 and 6-0, their pressures
were set at 10-20 torr because of their weaker intensities. The pressure
inside the gas cell was measured by a thermocouple vacuum gauge. All
the measurements were performed at room temperature (294 K).

A Fourier transform infrared (FT-IR) spectrometer (JASCO, FTIR-
4600) was used to record infrared spectra of the v = 1-0 fundamental
bands and the v = 2-0 first overtone bands, where the resolution was set
at 1.0 em™’. A 150-mm gas cell having quartz windows allowing
transparency of over 2000 cm ™! was installed in the spectrometer. Each
sample gas was filled at the pressure of ~ 20 torr after evacuation. The
scan speed was set at 2 mm/sec, and the integration was repeated 200
times.

To assign observed peak structures of the v = 1-0 fundamental
bands, we calculated the vibronic structures of MA and EA by CAM-
B3LYP/6-311 + G(d,p) using the program package Gaussian 09 W [14],
as shown in Fig. 2, Anharmonic frequencies were evaluated by the
function of “anharmonic,” as listed in Table 2,

3. Results and discussion
3.1. Detection of overtone bands

The CH-stretching overtone bands of v = 4-0, 5-0, and 6-0 in gas
phase were detected by CEAS as described in Fig. 3. The v = 4-0 band
would be suitable for practical use in monitoring, because this band is
the strongest in the CCD wavelength range (400-1000 nm). For this
band, we achieved signal-to-noise ratios of 40-50 in the 2000-ch spectra



M. Araki et al Chemical Physics Letters 796 (2022) 139568

(a) (b)

Fig. 2. Examples of symmetric CH-stretching vibrational modes of methyl acetate and trans ethyl acetate. (a) 2963 cm™, (b) 2928 em™.

z:r:l:]azted and observed vibrational frequencies of CH-stretching modes for methy] acetate and ethyl acetate in gas phase (em™).
Transition methyl acetate cthyl acetate
v Calculateda  Assignment®  Observed® Calculated®  Assignment® Observed ®
7-0 18226(36)¢ 18153(58)¢
60 - 15985(40) 15938(20)
5-0 - 13632(40) --- 13588(20)
4-0 --- - 11125(40) --- - 11083(20)
| — 8531(9)4 - 8522(16)¢
2-0 5970(10) 5969(10)
5800(10) 5821(10)
1-0 3042 CHss*® 3002(5) 3040/3040 CHj s¢ j
3032 CHss® 3008/3013  CiHga
3009 CHza 3007/3002 CiHga
3001 CHza 3002/2995  CHss® - 2995(2)
2990 CHss 2974/2986  CiHsa J
2963 CHs s :L 2964(2) 2981/2972 CHss

2966/2967 CHas
2928/2989  CHas

T- 2964(2)

2Anharmonic frequencies (trans/gauche conformers) by CAM-B3LYP/6-311 + G(d,p) using the program package Gaussian 09 W.
BThe “s” and “a” show symmetric and anti-symmetric, respectively, in a C; symmetry for the trans conformer.
“Values in parentheses denote the uncertainties of peak positions and apply to the last digit of the values.

9Estimated from w, and wex, in Table 3.
®Anti-symmetric in a CHj structural unit, though symmetric in a C; symmetry.

for MA and EA by the 100 s integration time, despite of their total
oscillator strengths of ~ 1078 for CH-stretching modes [1516]. Wide
FWHMs (200-300 em™) of these bands allow us to use smoothing of
spectra, which might raise the detection sensitivity by one order of
magnitude. To estimate sensitivity, we assume that there is no
contamination by other gases. Additionally, a signal-to-noise ratio of 3 is
necessary to detect each gas. Therefore, the detection limit of the current
setup of CEAS can be derived to be about 40 millitorr.

3.2. Assignment and analysis of overtone bands

The spectra of the fundamental bands of v = 1-0 and the first over-
tone bands of v = 2-0 for MA and EA are illustrated in Fig. 3 with their
enlarged version in Fig. 4. The obtained band profiles of v = 1-0 to 6-0
can be used as identifiers to monitor both VOCs, because these profiles
are individually unique for each compound. To estimate the frequencies
of the v = 3-0 bands, which cannot be covered by the present spec-
trometers, and the higher overtone bands such as v = 7-0 and over, the
observed spectra were analyzed as follows.

A model of local mode, which uses a local anharmonic bond potential
function, has been applied to interpret higher-overtone bands for
stretching of single bonds, while that of normal mode has been utilized
to analyze lower-overtone and fundamental bands. Local mode usually
provides non-negligible oscillator strengths of overtone bands. The en-
ergy levels of a local mode are fit by the one-dimensional anharmonic
oscillator equation.

2
G(v) = o, (v +%) —w.x, (v + %) 4o @

where G(v) is the energy in wavenumber corresponding to the vibra-
tional quantum number v, @, the harmonic frequency, and wexe the
anharmonicity. The peak frequencies of the v -0 overtone bands provide
we and wex, via the following relation with neglect of higher-order
terms.

AG(VI) = (G), = frhx,)v' = w,x,v'z )]

For MA, the calculated anharmonic frequencies and intensities of the
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Fig. 3. Observed fundamental and overtone bands for methyl acetate (MA) and ethyl acetate (EA). The lower frequency peaks assigned to the progressions starting
from the bundles of the symmetric CH-stretching bands are marked with “@" and the higher-frequency peaks corresponding to the anti-symmetric modes are labeled

with “o”,

six CH-stretching modes for v = 1-0 are described as sticks in Fig. 4. The
two symmetric CH-stretching modes (solid sticks) in —CHj3 structural
units produce the bands at relatively lower frequencies, and the four
anti-symmetric CH-stretching modes (dotted sticks) show the bands at
relatively higher frequencies. Hence, we assumed that the observed
lower-frequency peak (marked with “@”) in the v = 1-0 spectrum is
assigned to be a bundle of the symmetric CH-stretching bands and the
higher-frequency peak (marked with “o”) might be that of the anti-
symmetric CH-stretching bands. According to the analogy from the
assignment of v = 1-0, we assumed the same assignment for the two
peaks of v = 2-0. The broad profiles appear in the spectra of v = 5-0 and
6-0 (Fig. 3). We selected the lower-frequency peaks (@) with the
stronger intensities in their profiles as main peaks. Generally, a vibra-
tional mode having a larger anharmonicity forms a lower-frequency

peak in each overtone profile. Then, the mode with a larger anharmo-
nicity was systematically selected. Hence, the lower-frequency peaks
can be assumed as the same series of the “®" marked peaks of v = 1-0,
2-0, and 4-0. Based on these assumptions, it is reasonable to assign the
lower-frequency peaks of v = 4-0, 5-0, and 6-0 to the progression
starting from the bundle of the symmetric CH-stretching bands.

EA has two conformers, the trans conformer that has C; symmetry
with all heavy atoms (O and C) being located within the mirror plane
and the gauche conformer with C; symmetry [17]. Each conformer has
the eight CH-stretching modes [12,17], i.e., the three symmetric CH-
stretching modes in —~CHj structural units and the five anti-symmetric
CH-stretching modes, as listed in Table 2, The calculated data of the v
= 1-0 band are also described as sticks in Fig. 4, where the symmetric
and anti-symmetric modes are represented in solid and dotted sticks,
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Pig. 5. Birge-Sponer plots of CH-stretching peaks for methyl acetate (MA) and ethyl acetate (EA). These plots are obtained based on Eq. (2).

respectively, and the trans and gauche conformers are in blue and red,
respectively. The heights of the sticks show the calculated intensities
assuming an equivalent amount of the two conformers. For the v =1-0
band, the symmetric modes are located at lower wavelengths than the
anti-symmetric modes regardless of the conformer. Thus, it is consistent
to assign (@) and (o) to the symmetric and anti-symmetric modes,
respectively. The same consideration leads to the tentative assignment
for the two peaks of v = 2-0 as shown in upper panels in Fig. 4. Based on
these assumptions, the peaks of v = 4-0, 5-0, and 6-0 can be expected as
the progression starting from a bundle of the symmetric CH-stretching

bands.

Our assignment would be justified by Birge-Sponer plots showing in
Fig. 5. For both MA and EA, according to Eq. (2), the peaks of v = 4-0,
5-0, and 6-0 can be consistently explained together with the lower-
frequency peaks (@) of v = 1-0 and 2-0. The lower-frequency peaks
are put on straight lines, although the higher-frequency peaks (o) of v =
1-0 and 2-0 are not on lines. Hence, the peaks of the higher overtone
bands can be considered to consist of the series from the symmetric CH-
stretching modes for CH3 and/or CHy. This is consistent with a fact that
the CH-stretching cannot make dissociable anharmonic potentials due to
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Table 3
Harmonic frequencies and anharmonicities of CH-stretching for methyl acetate
and ethyl acetate (cm™).”

We WeXe
methyl acetate 3083.5(18) 60.0(6)
ethyl acetate 3088.6(40) 61.9(9)

* Values in parentheses denote the uncertainties (10) of fitting and apply to
the last digit of the values,

core-core repulsion between C and H atoms [18].

Based on the above assignments, the harmonic frequencies w, and
the anharmonicities wex, of MA and EA were derived as listed in Table 3,
By these parameters, the dissociation energies Dy (~ wez/4mexe — G(0))
from the v = 0 level are derived to be 38100 + 400 and 37000 + 580
em™}, respectively, for CH stretching. These energies suggest that
overtone bands higher than v = 6-0 are observable as additional iden-
tifiers of these gases in environment. The frequencies of the v = 3-0 and
7-0 overtone bands are estimated by using w. and wex., as listed in
Table 2,

The lower- and higher-frequency peaks of v = 2-0 for MA and EA are
well separated compared with those of v = 1-0, as shown in Figs, 3 and
4. This is because the higher-frequency peaks belong to the anti-
symmetric CH-stretching modes having a small wex. less than 20
em™!, while this parameter of the symmetric CH-stretching modes is
about 60 em™! (Table 3), The separation between both the peaks in-
creases according to the vibrational quantum number.

4. Summary

The atmospheric degradation of volatile organic compounds (VOCs)
has been greatly interested in the field of environmental science. The
CH-stretching overtone bands could be excellent probes for environ-
mental monitoring. Profiles of individual overtone bands, which are
specific characteristics of molecular species, are useful as identifiers of
VOCs.

The gas-phase CH-stretching overtone bands of v = 4-0, 5-0, and 6-0
for methyl acetate and ethyl acetate were detected for the first time in
this work by using the incoherent broad-band cavity enhanced absorp-
tion spectrometer. The high signal-to-noise ratios of the spectra for both
compounds suggest that this spectroscopic method would be applicable
to monitoring. The pure-absorption profiles of these bands were
measured as identifiers of these compounds. Based on the local-mode
analysis, these bands were assigned to be the progression starting
from the bundles of the symmetric CH-stretching bands starting at 2964
cm™, The harmonic frequencies and anharmonicities were determined,
and the dissociation energies were derived. The peak wavenumbers of v
= 6-0 and 7-0, which may serve as potential identifiers, are estimated
from these spectroscopic parameters. Hence, monitoring of these com-
pounds might be widely possible in the optical and near-infrared region
by using a sensitive CEAS setup.
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A rotationally resolved gas-phase absorption spectrum of the A 25+_X 135 electronic transition of the cyanogen
iodide radical cation ICN* was observed by cavity ring-down spectroscopy for the first time. This cation was
produced in a supersonic planar discharge jet through a mixture of ICN in helium. By the aid of a program for
rotational, vibrational and electronic spectra PGOPHER, the rotational constants were determined to be 0.10700
(12) and 0.11002(12) cm™? for the A £+ and X 21'[3,2 electronic states, respectively, and the band origin to be
18262.083(3) cm ™. The rotational constant ratio § {= (B'—B")/B"} was determined to be —2.8%. The g values

for FCN', CICN', BrCNt, and ICN" were also evaluated theoretically by CAM-B3LYP/CEP-121G using Gaussian
09W. The rotational profile of the absorption band and its temperature dependence for CICN*, one of the
important candidates for Diffuse Interstellar Bands, were simulated, aiding us in the identification of this cation

as in interstellar space.

1. Introduction

Diffuse interstellar bands (DIBs) are absorption bands of molecules in
diffuse clouds appearing in the visible and near-infrared region. Iden-
tification of DIB carrier materials is one of the longest-standing unsolved
problems in spectroscopy and astrochemistry [1,2] since the first
detection of DIBs in 1919 [3,4]. The first identification of DIBs was
achieved in 2015 via a laboratory work by Campbell et al. [5] in which
five DIBs in all were assigned to Cf, [6,7,8]. Thereafter, no identification
has been reported, although further spectroscopic investigation of DIBs
is expected to explore the evolution of chemical composition in space.

Feasible candidates of DIBs are neutral radicals and their cations
involving linear carbon chains and polycyclic aromatic hydrocarbons
because they are supposed to exhibit electronic transitions in the optical
and near-infrared region as observed for C},. The presence of C}; in
space infers that molecules can be readily ionized in a diffuse cloud.
Additionally, the cyanogen halide radical cations, for instance CICN*,
are also good carrier candidates because both cyanide and halide have
been detected widely in space and XCN* (X = Cl, Br, and I) shows the A
25+_X I3/, transition in the optical and near-infrared region [9].

Structures of the ground as well as the first excited states of lighter

Abbreviations: DIB, Diffuse interstellar band.
* Corresponding author.
E-mail address: araki@rs.tus.ac.jp (M. Araki).

https://doi.org/10.1016/j.jms.2022.111675

cyanogen cations, FCNT and CICN™, were estimated through the He I
photoelectron spectra from the neutral ground state to the cationic states
by Franck-Condon (FC) simulations [10], For heavier species, ICN*,
much information has been accumulated in spite of the difficulty
generating a sufficiently large number of cations required for laboratory
spectroscopy. Photoelectron spectra of ICN giving information of ICN™
were reported by Hollas and Sutherley [11], Kovaé [12], and Eland et al.
[13]. Emission spectra corresponding to the A 2£+—X ?I13, and B %113,
X 21'[3;2 transitions for ICN' were detected by Allen and Maier [14],
Fulara et al. [9], and Tsuji et al. [15]. Absorption spectra were observed
in Ne matrix by Leutwyler et al. [16]. Especially, Fulara and coworkers
precisely determined the gas-phase transition energy of the A 22X
?IT3, transition in the accuracy of +1 em™! through their spectra were
not fully rotationally resolved [9].

Experimental studies covering the three species of XCN* (X = Cl, Br,
and I) were reported by Fulara et al. [9], Hollas and Sutherley [11], and
Chau et al. [17]. These reports suggest that the spectroscopic parame-
ters, such as electronic transition energies and molecular structures, for
the eyanogen halide radical cations systematically vary according to the
size of the halogen atom. Hence, when one spectroscopic parameter for
any one of those cations is experimentally measured, the corresponding
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Fig. 1. The electronic spectrum of the A 2£*-X 2[5, transition of ICN*. (a)
Uncorrected cavity ring-down spectrum ebserved in a pulsed supersonic slit jet
expansion of ICN. (b) Simulated spectrum of the sub-product iodine molecules,
I, using the reported molecular constants and FC factors [21,22]. (c) Sub-
traction of (b) from (a) giving a spectrum free from iodine molecules. (d)
Simulated spectrum of ICN™ using the molecular parameters determined in the
present experiment,

parameter for the other cations can be estimated with the aid of theo-
retical calculation.

In the present work, a rotationally resolved high-resolution optical
absorption spectrum of the A 22*—X [T, electronic transition of ICN*
was observed for the first time by cavity ring-down spectroscopy. In
addition, we calculated the rotational constants for four analogous
cations (FCN*, CICN*, BrCN™, and ICN™) in order to argue the tem-
perature dependence of the rotational structure in the A 2£+—X %15,
electronic transition. Finally, an astrophysical feature of CICN™, one of
the candidates for DIB carriers, will be discussed.

2. Methods

Cavity ring-down spectroscopy is a powerful way to sensitively
measure pure-absorption spectra of gas-phase molecules by using a
cavity constructed with a couple of highly reflective mirrors (R ~
99,99%). The experimental apparatus in this work consisted of a stan-
dard cavity ring-down setup sampling a plasma generated in a pulsed
supersonic slit jet expansion [18,19]. A spectrum was recorded by
measuring ring-down times as a function of the wavelength of the dye
laser pumped by the excimer laser running at 30 Hz, The spectrum was
scanned with a step of 0.013 cm™?, where forty-five ring-down events
were averaged at each wavelength, The 0.05-cm ! linewidth of the laser
was attained with an intracavity étalon.

The pulsed slit jet system was located in a vacuum chamber evacu-
ated by a roots blower pump [20]. The plasma was produced in a nozzle
incorporating a discharge in the high-pressure super-sonic expansion.
The orifice comprised a metal plate anode and two sharp stainless-steel
cathodes that formed the actual slit of 30 mm x 300 pm. A pulsed
negative voltage of —800 V was applied 100 ms in duration. The
discharge is thought to be confined upstream of the supersonic expan-
sion due to the geometry of the orifice. To produce ICN*, solid ICN was
heated in an oven to 50 °C, and then evaporated component was mixed
with helium as a carrier gas at a backing pressure of 10 bars. ICN* was
efficiently produced at a distance of ~5 mm downstream from the slit.
The spectrum was calibrated via the B *I1(0})—X "Z; absorption lines of
iodine molecules that were simultaneously observed in the same jet
expansion [21,22].

To derive the rotational constants for the four cyanogen halide
radical cations (FCN', CICN*, BrcN*, ICN*), we calculated their
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Table 1

Observed rotational electronic transitions of the A 2£*-X 2[I,,, transition for
ICN*,

J J Vops (em™) Vobs — Veat (em ™)
Roy 8.5 - 7.5 18264.135 —0.001
10.5 - 95 18264.704 —0.007
11.5 - 10.5 18264.987 -0.001
125 - 11.5 18265.256 —0.005
14.5 - 135 18265.794 0.008
15.5 - 145 18266.042 0.001
16.5 - 15.5 18266.291 0.002
17.5 - 16.5 18266.536 0.005
18.5 - 17.5 18266.762 —0.005
Qz 6.5 - 6.5 18262.103 —-0.006
7.5 - 7.5 18262.191 —-0.001
8.5 - 8.5 18262.270 0.002
9.5 - 9.5 18262.336 —0.003
105 - 10.5 18262.398 —0.005
115 - 11.5 18262.462 —0.000
125 - 125 18262.506 —0.008
135 - 13.5 18262.557 -0.003
Py 20.5 - 21.5 18252.627 0.002
195 - 20.5 18253.085 -0.010
18.5 - 19.5 18253.562 0.001
14.5 - 15.5 18255.371 0.010
115 - 12,5 18256.646 -0.001
9.5 - 10.5 18257.477 0.001

structures by CAM-B3LYP/CEP-121G using the program package
Gaussian 09W [23].

3. Results and discussion
3.1. Assignment of rotational lines

The absorption spectrum for the 0-0 band of the A 2z*—X 23/,
electronic transition of ICN* was recorded in the 18252-18267 cm™!
region, as shown in Fig. 1a. However, many sharp lines from iodine
molecules, which were also produced from ICN in discharge, were
overlapped. We used a program for rotational, vibrational and electronic
spectra PGOPHER [24] to simulate the iodine-molecule spectrum from
the reported molecular constants and FC factors [21,22], as described in
Fig. 1b. The rotational temperature of 30 K and the vibrational tem-
perature of 400 K were assumed in the simulation. Subtraction of Fig. 1b
from Fig. 1a gives a spectrum free from iodine molecules as shown in
Fig. 1c. This spectral trace is contributed from two different absorption

bands; one is the A 22*(v = 0)-X 21‘[3/2(1!’ 0) electronic transition of
ICN*. Another consists of 11 strong lines marked by P and R branches
definitely belonging to the =% transition of a molecule or an ion. The
transition wavenumbers of this unknown species are listed in Appendix
(Table A1). From the numerical analysis, the rotational constants of the
ground and excited states are determined to be 1.04734(83) and
0.80159(69) cm‘l, respectively, and the band origin to be 18262.083(3)
em™!, where the values in parentheses denote the uncertainties and
apply to the last digit of the values. Though it is clear that the carrier
involves no iodine atoms due to the large rotational constants, we could
not find any suitable candidate in the past literature. The possibility that
this band is corresponding to the transition between electronically
excited vibronic levels will not be ruled out.

The ground-state rotational constant of ICN* was reported to be
0.1107 em™ from FC analysis of the photoelectron spectra [17]. We
used this value as an initial parameter to get the entire picture of the
rotational structure as shown in Fig. 1d. Subsequently, the transition
wavenumbers corresponding to the Raj, Qa1, and Py branches listed in
Table 1 were used to determine molecular constants, This is because the
three branches show less overlapping with other lines, while the peaks of
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Table 2
Determined molecular constants of ICN™*,

State Constants Values (em™)"
Xilip B 0.11002(12)
Aet To 18261.2319(30)
B 0.10700(12)
v ~0.04100(69)

? Values in parentheses denote the uncertainties (16) and apply to the last
digit of the values,

151
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Fig. 2. Expanded spectra of Fig. 1c and d in the region around R;-, Q2;-, and
Roj-branches. The spectral lines indicated by the red dotted lines were used for
the determination of molecular parameters (see Table 1),

the Ry, Pa3, and Q; branches are difficult to be picked up due to heavy
overlapping. We could find the set of the rotational constants of both the
A2ty = 0) and X *M3/5(v" = 0) states, the band-origin position Ty, and
the splitting constant y of the upper state by line-position fitting with
PGOPHER, as listed in Table 2, Especially the rotational constants were
precisely determined through the rotational structure and the ground-
state rotational constant agrees with the reported value [17] within
1%. The simulated spectrum at 40 K using these parameters reproduces
well the measured rotational structure including the band heads of the
R; and Qg branches at 18262.0 and 18262.7 cm ™), respectively, as
shown in Fig. 2.

3.2. Rotational constant ratios of the halogen cyanide radical cations

The ratio g for rotational constants defined as # = (B' — B")/B" can be
a simple measure for the degree of change of the rotational constants in
the upper and lower states. The value of g would be useful for arguing
the spectral variation by temperature change as mentioned in the
following section. For ICN*, the value of # was experimentally deter-
mined to be —2.8% in the present study, showing that the rotational
constant of the A 2£t (/ = 0) is smaller than that of X 21'[3,2 " =0). For
the analogous cyanide cations, FCN™, CICN*, and BrCN™, the values of #
have not been experimentally determined by rotational analysis. To
estimate f for these species, the optimized structures of the A 22+ and X
2[13/, states were calculated by CAM-B3LYP/CEP-121G using Gaussian
09 W. The calculations gave the anti-symmetric stretching vibration
frequencies of 2026, 1904, 1900, and 1984 cm ™! in the X %I, state for
FCN*, CICN™, BrCN™, and ICN*, which agree well with the observed
values of ~2100 [25], 1916, 1906, and 2082 em™? [9], respectively.
This fact ensures the accuracy of our calculations. The obtained g values
are listed in Table 3. It was found that the calculated 8, as shown by the
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Table 3
Ground-state rotational constants and rotational-constant ratios of the cyanogen
halide radical cations.

Calculated® Estimated” Observed
B B 0?2“:/2) £ B’ Um(znalz) P B (iznﬂlﬂ)
(em™) (em™) (em™)
FCN* 67 0331 62 0353
ClcN* 1.6  0.190 1.5  0.205
BICN* 00 0135
ICN* -13  0.108 -28 0110

2 This work; values calculated by CAM-B3LYP/CEP-121G.
b FC calculation by Ref. [10].
¢ This work; values obtained by rotational analyses.
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Fig. 3. Rotational constant ratios g of the four species of the cyanogen halide
radical cations XCN*. The value of § ~ —5 is considered to be a rough
borderline between non-ETR and ETR for a rotational profile of an electronic
transition in a diffuse cloud [27].

black squares in Fig. 3, decreases along with the increase of the size of
the halogen atom. The ratios for FCN* and CICN* derived from the re-
ported rotational constants by FC calculation [10], represented by red
open circles, are close to the calculated g values. The calculated § value
for ICN* agrees reasonably with that (the red filled circle) determined by
rotational analysis in the current work within an accuracy of the
calculations.

3.3. Astrophysical relevance

Although ICN* is an unlikely candidate of DIB, CICN* can be a good
candidate of DIB because of the abundance of the chlorine element in
space. Additionally, a large quantity of chlorides has been detected in
interstellar clouds so far [26]. DIBs can be classified into two categories
by whether their profiles depend on temperature or not. The first group
is denoted as ETR (abbreviation of an extended tail toward red) in which
the spectral contour becomes gradually weaker and weaker toward
longer wavelength when a temperature of a diffuse cloud is high [27].
Another can be designated as non-ETR in which the spectral contour
exhibits a symmetric profile irrespective of temperature; it is considered
that a DIB shows non-ETR behavior for || < 5% and ETR behavior for g
< —5%. According to this standard as indicated in Fig. 3, the three
cations, CICN™, BrCN™, and ICN*, can show non-ETR behavior.

Finally, we would like to discuss how the spectral profile of the A
25 +-X 21'[3/2 transition of CICN™ varies with temperature. Fulara et al.
[9] reported the peak positions of the 0-0 bands of the A%t X 21'13,-2
transition of CICN* to be 11689 + 1 and 11691 + 1 cm™! (indicated by
red dotted lines in Fig. 4a) for the 3°Cl and 3Cl isotopologues,
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Fig. 4. The variation of the A 25+—X 2[I5,, transition of CICN* at three different
ambient temperatures. Red dotted lines; reported peak positions of the two
isotopologues in the emission spectra [9]. Black solid lines; band-origin posi-
tions assumed for reproducing that the simulated peak maxima meet with red
dotted lines. The abundance ratio; **C1:*Cl = 3:1, the rotational constant ratio;
f = 1.6, the splitting constant; y = 0. Due to the experimental error of [9], an
uncertainty of +0.3 A needs to be considered.

respectively, via the rotationally cooled emission spectrum. The accu-
racy of the peak positions (+1 em™ & +0.3 A) is narrower than a typical
bandwidth of DIB (~1 A), although this value is less accurate than that
determined by a telescope (0.1-0.3 A, e.g. [28]), allowing us to attempt
a preliminary identification of DIBs. The black trace in Fig. 4a shows the
simulated rotational contour at 25 K. To reproduce the results by Fulara
et al., the band origins of the two isotopologues of CICN* were assumed
to be at 11,690 and 11,692 ecm™ (indicated by black solid lines) for 33C]
and ¥cl, respectively. Additionally, it was assumed that the abundance
ratio of the isotopologues is 3°Cl:*”Cl = 3:1, the rotational constants
ratio is # = 1.6 (Calculated, Table 3), and the splitting constant of the A
23+ state is y = 0 [29]. The resolution of a spectrum was set at 0.3 A. The
stronger peak at 8552.8 A (11689 cm™) is produced by a blending of the
P- and Q-branches of the 35Cl isotopologue, and the weaker peak at
8551.0 A (11691 cm™) is by the R-branch of **Cl and the P- and Q-
branches of ¥Cl. The observed g value of ICN* is slightly smaller than
the calculated value (Fig. 3). On the other side, due to the smaller f value
than 1.6 for CICNY, the location and profile of these peaks don’t change
much in temperature of <25 K. The simulated rotational profiles at 14.5
and 2,73 K [27] are shown in Fig. 4b and c, respectively. In the case of
14.5 K, the interval between two broad peaks appearing at 8552.6 and
8551.1 A becomes narrower than at 25 K. In the case of 2.73 K, the
spectral profile changes considerably; the peak width becomes much
sharper and the interval between peaks becomes even narrower. For all
cases at 2,73-25 K, the peaks do not include the band-head components
of individual branches and do not show ETR because of the small |f]|.
Rather this transition would show the extended tail toward “blue”
because the ¥Cl isotopologue makes a shoulder at a blue side of the
profile. These profiles may allow us to identify the absorption band of
CICN* in space. At present, a related peak is not listed in the survey
catalog for the stars HD183143 and HD204827 [28]. Further near-
infrared surveys are greatly anticipated.

4. Summary and conclusions

The gas-phase rotationally resolved spectrum of the A 25+—X %15/,
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electronic transition of ICN' around 548 nm was recorded in the
discharge jet by cavity ring-down spectroscopy. After removing the
contaminating iodine-molecule lines, the rotational structure of ICN™
appeared clearly. The rotational constants, the splitting constant, and
the band origin were derived through the assignment of the rotational
lines by the line-position fitting. The observed rotational structure
including the two band heads of the Ry and Qy; blanches were well
reproduced by the simulation at the rotational temperature of 40 K. The
obtained rotational constants show the small rotational constant ratio
(Bobs = —2.8%), which agrees reasonably with the theoretically calcu-
lated ratio (Beale = —1.3%). The g values for FCN™, CICN™, and BrCN*
were also evaluated theoretically. The rotational profile of the absorp-
tion band and its temperature dependence for CICN', one of the
important candidates for DIBs, were estimated, allowing us the identi-
fication of this cation as in space.
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Appendix
Table Al.
Table A1
Observed rovibronic transitions of the 'Z-'E transition for unknown species,
J p i Vobs (em™) Vobs — Veat (cm™)
R(D 1 - 0 18263.683 —0.003
2 - 1 18264.791 —0.006
3 - 2 18265.414 —0.001
4 - 3 18265.543 0.003
5 - 4 18265.176 0.005
6 - 5 18264.307 —0.001
7 - 6 18262.946 —0.004
8 - 7 18261.100 0.002
P{J) ] - 1 18259.999 0.010
2 - 3 18254.324 —0.004
3 - 4 18250.762 -0.003
4 - 5 18246.715 0.002

Note. The spectral analysis results in the rotational constants of 1.04734(83) and
0.80159(69) em™, the centrifugal distortion constants of 3.3(22) and 2.9(14) x
1075 cm™! in the lower and upper states, respectively, and the band origin of
18262.083(3) em™". The values in parentheses denote the uncertainties (16) and
apply to the last digit of the values.



M. Araki et al.

References

8]
[2]
[31
1
(51

[61

71

8]

[k}

[10]

[11]

[12]

[13]

[14]

[15]

(16]

(7]

G.H. Herbig, The diffuse interstellar bands, Annu. Rev, Astron. Astrophys. 33 (1)
(1995) 19-73.

J. Cami, N.L.J. Cox, The diffuse interstellar bands, in: Proc. Int. Astron. Union, IAU
Symp,, Cambridge University Press, Noordwijkerhout, The Netherlands, 2014,
M.L. Heger, Further study of the sodium lines in class B stars, Lick Obs. Bull. 10
(1922) 141-145, htips://doi.org/10.5479/ADS/bib/1922LicOB.10.141H.

B.J. McCall, R.E. Griffin, On the discovery of the diffuse interstellar, bands 469
(2013), https://doi.org/10.1098/rspa.2012.0604,

E.K. Campbell, M. Holz, D. Gerlich, J.P. Maier, Laboratory confirmation of Cf; as
the carrier of two diffuse interstellar bands, Nature 523 (7560) (2015) 322-323,
https://doi.org/10.1038/nature14566.

G.A.H, Walker, D.A. Bohlender, J.P. Maier, E.K. Campbell, Identification of more
interstellar Cgp bands, Astrophys. J. 812 (2015) L8, https://doi,org/10.1088/204] -
8205/812/1/L8.

E.K. Campbell, M. Holz, J.P, Maier, D. Gerlich, G.A.H. Walker, D, Bohlender, Gas
phase absorption spectroscopy of Cf and Cp in a cryogenic ion trap: comparison
with astronomical measurements, Astrophys. J. 822 (2016) 17, https://doi.org/
10.3B47/0004-637X/822/1/17.

E.K. Campbell, M. Holz, J.P. Maier, C; in diffuse clouds: laboratory and
astronomical comparison, Astrophys. J. 826 (2016) L4, https://dol.org/10.3847/
2041-8205/826/1/14,

J. Fulara, D. Klapstein, R. Kuhn, J.P, Maier, Emission spectra of supersonically
cooled halocyanide cations, XCN* (X = Cl, Br, I): A2+ - XM and Ei’;’i X?M band
systems, J, Phys, Chem. 89 (1985) 42134219, hutps://doi.org/10.1021/
j100266a014.

D.-C. Wang, F.-T. Chau, E. Lee, A. Leung, J. Dyke, The XI1 and AE states of FON*
and CICN™: ab initio calculations and simulation of the He I photoelectron spectra
of FCN and CICN, Mol. Phys. 93 (6) (1998) 995-1005, hitps://dei.org/10.1080/
00268979809482286,

J.M. Hollas, T.A. Sutherley, Geometry of cyanogen halide positive ions from
photoelectron spectroscopy, Mol. Phys. 22 (1971) 213-223, https://doi.org/
10.1080/00268977100102491,

B. Kovag, High-resolution photoelectron spectra of BrCN and ICN: Vibronic mixing,
J. Phys. Chem. 91 (1987) 4231-4235, https://doi.org/10.1021/j100300a005,
JH.D. Eland, P. Baltzer, L. Karlsson, B. Wannberg, The photoelectron spectrum of
fodine cyanide, ICN, Chem. Phys. 222 (1997) 229-240, hitps://dol.org/10.1016/
$0301-0104(97)00214-0,

M. Allan, E. Heilbronner, E. Kloster-Jensen, J.P. Maier, The []-states of
tetraacetylene radical cation, Chem. Phys, Lett. 41 (1976) 228-230, htips://doi.
org/10.1016/0009-2614(76)80798-1.

M. Tsuji, J.P. Maier, Emission spectra of NyO*(A%E*-X"IT), CS$(A%M,-X ?ITg) and
ICN*(A®Z*-XI) excited by penning ionization in low-pressure neon and helium
afterglows, Chem, Phys. 126 (1988) 435-440, https://doi.org/10.1016/0301-0104
(88)85051-1,

S. Leutwyler, J.P. Maier, U. Spittel, The electronic absorption spectra of CICN*,
BrCN*, and ICN* in neon matrices, J. Chem, Phys. 83 (1985) 506-510, htips://doi.
org/10,1063/1.449513.

F.T. Chau, C.A. McDowell, Y.W. Tang, Determination of geometries and molecular
properties of XCN* lons (where X is Cl, Br, I) through Franck-Condon analyses on

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

Journal of Molecular Spectroscopy 388 (2022) 111675

the corresponding photoelectron spectra, J. Electron Spectros. Relat. Phenomena.
61 (1993) 217-229, https://doi.org/10.1016/0368-2048(93)B0052-N,

T. Motylewski, H, Linnartz, Cavity ring down spectroscopy on radicals in a
supersonic slit nozzle discharge, Rev. Sci. Instrum, 70 (1999) 1305-1312, https://
doi.org/10.1063/1.1149589,

H. Linnartz, T. Motylewski, J.P. Maier, The 21Xl electronic spectra of CgH and
CyoH in the gas phase, J. Chem. Phys. 109 (1998) 3819-3823, https://doi.org/
10.1063/1.476981.

P. Cias, M. Araki, A. Denisov, J.P, Maier, Gas phase detection of cyclic Bs: 2%
X2A"; electronic origin band, J. Chem. Phys. 121 (2004) 67766778, hitps://doi.
org/10.1063/1.1791153,

P. Luc, Molecular constants and Dunham expansion parameters describing the B-X
system of the iodine molecule, J. Mol. Spectrosc. 80 (1980) 41-55, https://doi.org/
10.1016/0022-2852(80)90269-6.

P. Martin, R. Bacis, S. Churassy, J, Vergés, Laser-induced-fluorescence Fourier
transform spectrometry of the XOF state of I: Extensive analysis of the BO} —
X0} fluorescence spectrum of 1, J, Mol. Spectrosc. 116 (1986) 71-100, https://
doi.org/10.1016/0022-2852(86)90254-7,

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R, Cheeseman,
G. Scalmani, V, Barone, G.A. Petersson, H. Nakatsuji, X. Li, M. Caricato,

A. Marenich, J. Bloino, B.G. Janesko, R. Gomperts, B. Mennucci, H.P. Hratchian, J.
V. Ortiz, A.F. Izmaylov, J.L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V.

G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai,
T. Vreven, K. Throssell, J.A.J. Montgomery, J.E. Peralta, F. Ogliaro, M. Bearpark, J.
J. Heyd, E. Brothers, K.N, Kudin, V.N, Staroverov, T. Keith, R. Kobayashi,

J. Normand, K. Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi,
M. Cossi, J.M. Millam, M. Klene, C. Adamo, R. Cammi, J.W. Ochterski, R.L. Martin,
K. Morokuma, O. Farkas, J.B. Foresman, D.J, Pox, Gaussian 09, Revision A.02
(2016). https://gaussian.com/g09citation/.

C.M, Western, PGOPHER, A Program for Simulating Rotational, Vibrational and
Electronic Spectra, University of Bristol, (n.d.).

G. Bieri, Cyanogen fluoride: a photoelectron-spectroscopic investigation, Chem.
Phys. Lett, 46 (1977) 107-110, https://doi.org/10.1016/0009-2614(77)85173-7.
B.A. McGuire, 2021 census of interstellar, circumstellar, extragalactic,
protoplanetary disk, and exoplanetary molecules, Astrophys. J. Suppl. Ser. 259
(2022) 30, https://doi.org/10.3847/1538-4365/ac2a48.

T. Oka, D.E. Welty, S. Johnson, D.G. York, J. Dahlstrom, L.M. Hobbs, Anomalous
diffuse interstellar bands in the spectrum of herschel 36. II. Analysis of radiatively
excited CHY, CH, and diffuse interstellar bands, Astrophys. J. 773 (2013) 42,
https://doi.org/10.1088/0004-637X/773/1/42.

H. Fan, L.M. Hobbs, J.A. Dahlstrom, D.E. Welty, D.G. York, B. Rachford, T.P. Snow,
P. Sonnentrucker, N, Baskes, G. Zhao, The apache point observatory catalog of
optical diffuse interstellar bands, Astrophys. J. 878 (2019) 151, https://doi.org/
10.3847/1538-4357/ab1b74,

M.A. King, R. Kuhn, J.P. Maier, A%£* - X1, emission spectra of the supersonically
cooled cations HCP* and DCP*, Mol. Phys. 60 (1987) 867-879, htips://doi.org/
10.1080/00268978700100581.



