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Brominated organic compounds are toxic ocean-derived trace gases that affect the oxidation capacity
of the atmosphere and contribute to its bromine burden. Quantitative spectroscopic detection of these
gases is limited by the lack of accurate absorption cross-section data as well as rigorous spectroscopic
models. This work presents measurements of high-resolution spectra of dibromomethane, CH,Br,, from
2960 cm™! to 3120 cm™! by two optical frequency comb-based methods, Fourier transform
spectroscopy and a spatially dispersive method based on a virtually imaged phased array. The integrated
absorption cross-sections measured using the two spectrometers are in excellent agreement with each
other within 4%. A revisited rovibrational assignment of the measured spectra is introduced, in which the
progressions of features are attributed to hot bands rather than different isotopologues as was
previously done. Overall, twelve vibrational transitions, four for each of the three isotopologues
CH,%'Br,, CH,"°Br®'Br, and CH,°Br,, are assigned. These four vibrational transitions are attributed to
the fundamental vg band and the nearby nv4 + vg — Ny hot bands (with n = 1-3) due to the population
of the low-lying v4 mode of the Br—C—-Br bending vibration at room temperature. The new simulations
show very good agreement in intensities with the experiment as predicted by the Boltzmann distribution
factor. The spectra of the fundamental and the hot bands show progressions of strong Qy (J)

Received 16th December 2022,
Accepted 13th February 2023

rovibrational sub-clusters. The band heads of these sub-clusters are assigned and fitted to the measured
spectra, providing accurate band origins and the rotational constants for the twelve states with an aver-
age error of 0.0084 cm™%. A detailed fit of the vg band of the CH,”°Br®Br isotopologue is commenced
after assigning 1808 partially resolved rovibrational lines, with the band origin, rotational, and centrifugal

constants as fit parameters, resulting in an average error of 0.0011 cm™.
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1 Introduction

Dibromomethane, CH,Br,, is one of the photochemically

) o reactive halogenated volatile organic compounds (HVOCs)
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which are mainly emitted from the ocean.'™ Once emitted,
HVOCs affect the oxidation capacity of the atmosphere and
exhibit high ozone destruction potential. Dibromomethane and
bromoform, CHBrj, are classified by the World Metrology
Organization as very short-lived substances, i.e., species that
have a local lifetime comparable to or shorter than the char-
acteristic time of mixing processes in the troposphere and
hence have a non-uniform tropospheric distribution.® Despite
their short local atmospheric lifetimes, 123 days and 24 days for
CH,Br, and CHBr;3, respectively, they contribute to the strato-
spheric bromine budget due to the fast vertical transportation
by tropical deep convection.” A potential anthropogenic source
of brominated VOCs is treated ballast water systems,® where
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HVOCs are produced as disinfection by-products (DBPs)
with much higher concentrations compared to their natural
abundance.””® Related to this, in situ measurements are neces-
sary to confirm the existing models of the spread of ballast
water discharge at harbours,'® and to help to identify if the
DBPs have an ecotoxicological effect on marine life as well as
human health by monitoring the exposure limits at workplaces
of harbours.

So far, quantitative detection of HVOCs has been mainly
based on gas chromatography coupled with a mass spectro-
meter or an electron capture detector (GC/MS-ECD). GC/MS-
ECD techniques require considerable calibration efforts and
provide only discrete measurements, thus hindering the con-
tinuous monitoring in the environment and at workplaces.
Optical detection techniques have the potential to overcome
these limitations. As a prerequisite to develop a sensitive
spectroscopic detection scheme, high-resolution absorption
spectra of these molecules have to be recorded, and accurate
spectral models have to be provided.

There exist two high-resolution spectral measurements of
CH,Br, in the mid-infrared (mid-IR) region made using the
continuous wave (CW) cavity ring-down spectroscopy (CRDS)
technique. Brumfield et al.'"'> measured the strong CH, wag-
ging vibration, vg, around 1197 ecm ™' using a quantum cascade
laser coupled to a supersonic expansion source, providing no
information about the absorption cross-section. Another measure-
ment was performed on the symmetric C-H vibration, v;, around
3013 cm ', and the asymmetric C-H vibration, v, around
3076 cm™ ', by Sadiek and Friedrichs,'® using a mid-IR CW optical
parametric oscillator coupled to an optical cavity at room
temperature, with a reported absorption cross-section.

A major challenge to providing an accurate spectroscopic
model for brominated molecules is the complexity of their
spectra caused by the nearly equal isotopic abundance of the
7°Br and *'Br atoms. Another challenge is the existence of
energetically low-lying vibrational states sharing a considerable
fraction of the population at room temperature; hence, several
hot bands may exist and cross-interfere with nearby fundamen-
tal bands. Nevertheless, the assignment of the 3 band was
straightforward,""'*> where three progressions of rovibrational
features, measured in the supersonic jet expansion, could be
assigned to the three isotopologues of dibromomethane:
CH,’°Br’°Br, CH, °Br®'Br, and CH,*'Br®'Br. Following the
same approach, Sadiek and Friedrichs'® provided an initial
simulation and assignment of the 1, fundamental band.
However, a mismatch between the measured intensities and
the predicted normal abundances of the three isotopologues
was observed and attributed to the strong anharmonicities in
vibrations, which are common in such halogenated com-
pounds. Apart from the seemingly justified intensity mismatch
between the simulations and the measurement of the v, band,
the estimated large isotopic shifts of the three isotopologues
did not agree with the theoretical predictions of isotopic shifts
for C-H stretching vibrations, which involve a nearly negli-
gible displacement of bromine atoms. Given the larger than
predicted isotopic shift reported previously’® and our very
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recent work on iodomethane, CH;I,'* and diiodomethane,
CH,I,," where similar progressions of rovibrational structures
were observed for monoisotopic iodine, we believe that a
revisited assignment should be provided for the spectrum of
CH,Br, in the C-H stretching region.

In this work, we present two independent measurements of
CH,Br, in the 2960-3120 cm™ " range using two direct frequency
comb-based spectroscopic techniques, and we introduce a revis-
ited analysis of the measured spectra in the asymmetric C-H
stretching region at around 3076 cm ™. The spectra were recorded
independently using (i) Fourier transform spectroscopy (FTS), and
(i) a spatially dispersive method using a virtually imaged phased
array (VIPA), in a wider range than previously available from
CW-CRDS."® Compared to CW-CRDS, direct comb spectroscopy
provides a wide bandwidth in a much shorter acquisition time,
which makes the measurement less susceptible to long timescale
fluctuations.

In the revisited spectral analysis, we attribute the sharp
rovibrational Qg (J) transitions to the nearby nv, + vg — nu,
hot bands, where the integer n = 1-3 is the initial vibrational
level, as a result of the population of the low-lying Br-C-Br
bending vibrational state, v, located at 171.1 + 0.2 cm™"."® The
new spectral analysis is supported by ab initio quantum
chemical calculations at different model chemistries.

2 Experimental and
computational details
2.1 Experimental methods

Two separate comb-based setups were used to record the high-
resolution spectra of CH,Br, in the fundamental C-H stretch-
ing region in the range from 2960 cm™ " to 3120 cm™". The FTS
measurements were performed at Umed University, Sweden,
and the VIPA measurements were conducted at the University
of Leeds, United Kingdom. Schematics of the two setups are
shown in Fig. 1(a and b). FTS has previously been used to
measure the line positions and intensities of the v, band of
CH;1,"* and the resulting line list was included in the newest
edition of the HITRAN database,'” while the VIPA spectrometer
was used to measure the absorption cross-section of CH,L."°
Comb-based Fourier transform spectrometer. The setup of
the comb-based FTS experiment was described elsewhere'* and
will only be briefly discussed here. It consists of three main
building blocks, a mid-IR frequency comb, a multipass absorp-
tion cell and an FTS. The mid-IR comb with a repetition rate,
Sreps Of 125 MHz was described previously,'® with some
improvements introduced more recently.'* Briefly, it is pro-
duced via difference frequency generation in an Mg-doped
periodically poled lithium niobate crystal between the output
of a high-power Yb-fibre comb (Menlo Systems Orange high-
power) and a Raman-shifted soliton generated from the same
source. The resulting idler spanning from 2800 cm ' to
3200 cm™ ' is inherently free from the carrier envelope offset
frequency, feeo- The frp was locked to the output of a tunable
direct digital synthesizer referenced to a GPS-referenced Rb clock.

This journal is © the Owner Societies 2023
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Fig. 1 Schematic depictions of the experimental setups: (a) the Fourier
transform spectrometer and (b) the dispersive VIPA-based spectrometer.

The mid-IR beam was passed through a Herriott multipass
absorption cell (Aerodyne AMAC-76LW) with a path length of
7600 cm. The analytical grade CH,Br, sample (Acros organics -
99%) was introduced in an Ace glass tube connected to the gas
supply system and was brought into the Herriott cell by its
vapour pressure. All measurements were conducted at room
temperature. Prior to introducing CH,Br, into the cell, the
headspace was evacuated through a bypass valve. Afterwards,
the cell was filled using a needle valve to the desired pressure,
measured using a pressure transducer (CERAVAC CTR 101 N)
with a resolution of 10 pbar.

After the absorption cell, the beam was coupled to a home-
built fast-scanning FTS with an auto-balancing HgCdTe detec-
tor and a nominal resolution matched to fi.,. A beam of a
narrow-linewidth CW diode laser with a wavelength of 1563 nm
propagating on a path parallel to the comb beam in the FTS was
used for calibrating the optical path difference. The sub-
nominal resolution data analysis approach was used,"**° where
the comb modes were stepped across the absorption spectrum
by tuning the comb f., and the spectra acquired at different
steps were then interleaved. Spectra were recorded at 13 fp
steps separated by 15 Hz, corresponding to an 11 MHz step in
the optical domain. At each step, 200 interferograms were
recorded, resulting in a total acquisition time of 2 h for all
steps. Afterwards, the spectra recorded at the different f;., steps
were normalized to a background spectrum recorded using the
absorption cell evacuated at the start of the measurement.

To correct the baseline fluctuations resulting from drifts
in the emission envelope of the comb, we used the spectrum
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recorded at the first fi., step, which was the closest in time
to the background measurement, as a model of the overall
contour of the CH,Br, bands. We fit this spectrum to the
normalized spectra at other f;.,, steps together with a baseline
consisting of a 5th order polynomial and slowly varying
sine terms. The fitted baselines were then subtracted before
interleaving the spectra.

To obtain the correct frequency scale, the value of the CW
reference laser wavelength, A..r, used in the analysis is usually
optimized to minimize the instrumental line shape (ILS) dis-
tortions of individual lines.*® Such optimization could not be
performed for the CH,Br, spectrum due to the lack of fully
resolved absorption lines. Instead, the weak absorption lines of
H,O0, originating most likely from the air leakage into the vial,
that were separated from the CH,Br, bands, were used for
optimization. These lines were too broad to be affected by the
ILS, so instead we fit Voigt profiles to them and varied A..f to
match their positions to those listed in the HITRAN database.”
We took the final A, value as the mean of the optima found
for five different H,O lines. From the spread in the optima
(max-min) and from the shifts of the lines for a given change in
Aref, We estimate that the optimization process contributes a
frequency scale uncertainty of 1.6 MHz. Summing this value in
quadrature with the maximum HITRAN line center uncertainty
of the targeted H,O lines (~3 MHz) yields a final uncertainty of
3.4 MHz of the FTS frequency scale.

Comb-based VIPA spectrometer. The experimental appara-
tus used in the comb-based VIPA measurements was described
previously®’ and will only be briefly discussed here. The fre-
quency comb laser system (Menlo Systems Mid-IR Comb) is
based on a femtosecond mode-locked Er-fibre laser operating
at a 250 MHz f.p, referenced to a Rb frequency standard
(Stanford Research Systems, FS725). The broad frequency range
from 2700 cm ™" to 3300 cm™ " is generated using difference
frequency generation, which also results in the frequency comb
being f...-free.

The mid-IR frequency comb laser beam was passed through
a Herriott multipass cell containing a known amount of vapour
produced from the liquid sample of CH,Br, (Sigma Aldrich,
99%). The Herriott cell path length of 1130 + 30 cm was
calibrated using a known concentration of CH, (BOC, certified
mixture of 4.85% CH, in N,). The liquid sample of CH,Br, was
placed in a vacuum-tight sample container, and a flow of buffer
gas was used to remove air impurities before the vapour
pressure of CH,Br, was allowed to equilibrate. A throttled
vacuum pump in combination with a mass flow controller
(Tylan FC-280) operating at a flow rate of 2.7 + 0.3 standard
em® min~' was used to control the pressure of CH,Br, in the
multipass cell. The spectra were acquired with a pure sample of
CH,Br, at 0.70 £ 0.03 mbar, where the pressure and its
uncertainty are the average and standard deviation of the
pressure in the flow cell before, during, and after the measure-
ments (MKS 722B Baratron capacitance manometer).

After passing through the Herriott cell, the laser beam was
fibre coupled to the cross-dispersive VIPA spectrometer, where
the beam was spatially dispersed into a two dimensional (2D)
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array using a VIPA etalon (Light Machinery, 12 GHz free
spectral range),”® and a diffraction grating (Laser Components,
450 lines mm ™). This 2D array was imaged onto an InSb infrared
camera (Infratec, ImageIR 8320, 512 x 640 pixels, 15 micron
pitch), where the individual comb modes were clearly visible.

For the CH,Br, spectrum spanning from 2922 cm '
3123 ecm™ ', a total of 12 different diffraction grating positions
(referred to as separate spectral windows) at a fr, of 250 MHz
were used. For each acquisition, where the sample cell con-
tained either CH,Br, (signal) or pure N, (background), 2000
individual images were averaged together to give one image for
the analysis, with camera parameters of a 50 us integration
time and a 125 Hz imaging rate. The images were analysed in
pairs, where the signal and its corresponding background
image were analysed using a home-written MATLAB code that
records the intensity of each comb mode, orders the modes
in ascending frequency wavenumber, and then utilises the
Beer-Lambert law to determine the absorption spectrum. Each
separate spectral window (image) was measured four times and
averaged together, yielding an acquisition time of 2 minutes
per spectral window. Finally, the adjacent windows were
stitched together using overlapping data points, yielding the
full spectrum.

For a given spectral window, the starting comb mode
number was determined by acquiring a spectrum of CH, and
comparing it to the HITRAN database."” The accuracy of the
frequency axis in the HITRAN CH, reference spectrum is much
better than the spacing between the comb teeth (given by the
repetition rate of the laser). Thus, assuming the repetition rate
of the comb is well known since it is referenced to a Rb
frequency standard, the starting mode number, and therefore
the remaining ascending integer mode numbers in the image,
can be determined without any uncertainty. However, it should be
noted that the spectra are affected by instrumental broadening
caused by the fact that the comb modes are not fully resolved
by the VIPA. This results in a Lorentzian ILS function with a full-
width-at-half-maximum (FWHM) of 0.0142 cm™*.">*'

to

2.2 Computational methods

The optimized molecular structure and the anharmonic fre-
quency calculations of the three isotopologues, CH,*'Br®'Br,
CH,”°Br®'Br, and CH,”°Br’°Br, were performed using the
Gaussian 09 package,”® with different model chemistries. The
density functional theory (DFT), including the three-parameter
hybrid density functional (B3LYP), the long-range corrected
wB97X functional of Chai and Head-Gordon,?* and the M06
hybrid meta-exchange correlation functional of Truhlar and
Zhao®® were used together with the post-Hartree Fock, second-
order Moller-Plesset perturbation (MP2). The 6-311++G(d,p)
split-valence basis set and the Karlsruhe basis set of valence
quadruple-zeta with two sets of polarization functions (def2-
QZVPP) were used. The anharmonic rotational constants of
the vibrational excited states needed for the semi-empirical
simulations of the twelve vibrational bands of the three
isotopologues were obtained by applying the second order
vibrational perturbative (VPT2) quantum chemistry assisted
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approach, as implemented in Gaussian 09 and demonstrated
elsewhere.”® The spectral simulations and fitting were per-
formed using the PGOPHER software from C. Western.>® The
PGOPHER input file of the revisited simulations is given in
the ESIT (S1).

3 Results and discussion
3.1 High-resolution absorption cross-sections

Fig. 2 shows the high-resolution absorption cross-section of
CH,Br, measured in the region from 2960 cm™ " to 3120 cm™*
using the two independent setups: (i) the comb-based FTS
setup (red) at 0.47 + 0.01 mbar and (ii) the comb-based VIPA
setup (black) at 0.70 & 0.03 mbar. The previous high-resolution
measurement using the CW-CRDS (blue), covering the region
from 2955 cm ™ to 3086 cm ™ *,*® and a low resolution Fourier
transform infrared (FT-IR) spectrum (green) adopted from the
PNNL database®” are included for comparison. The spectrum is
dominated by the fundamental symmetric, v,, and asymmetric,
vs, C-H stretching vibrational bands around 3013 cm ™' and
3076 cm™ ', respectively. Panels (b-d) show three zoomed-in
windows at the band centre and at the wings of the asymmetric
C-H stretching vibrations, showing at least three progressions
of the rovibrational structure in each, as indicated by the dotted
vertical lines. Panel (d) shows no CRDS measurements as it was
reported up to 3086 cm ™.

It should be noted that the CRDS data showed a systematic
offset at a frequency of ~60 MHz (0.002 cm ™) with respect to
the FTS spectrum, which could be partially attributed to the
reported accuracy of +0.0009 cm ™' or 27 MHz of the wave-
meter used in the CRDS experiment.'® This offset cannot be
observed in the VIPA data as the spectrum was broadened by
the ILS function.

The noise on the baseline of the two comb-based measure-
ments is 6 x 10°>* ecm® mol ! for the FTS data and 5 x
107>* em” mol " for the VIPA data. Expressed in terms of the
minimum absorption coefficient, ¢y, it is 7 x 1077 ecm ™" for
the FTS spectrum, and 9 x 10~% cm ™" for the VIPA spectrum.
This yields a noise equivalent absorption sensitivity, NEAS =
Umin X 72, of 6 x 107° em™! Hz Y2 for the FTS and 1 x
107° em~" Hz "2 for the VIPA, where the measurement time ¢
was 2 hours for the entire interleaved FTS spectrum, and 2 min
for one spectral VIPA window. To reflect the multiplexed advan-
tage of comb-based measurements, we also report the figure of
merit, FOM = NEAS x M " where M is the number of spectral
elements in the spectrum, equal to 5 x 10° for the entire
interleaved FTS spectrum and 4.1 x 10 for one spectral VIPA
window. The FoM is 8.6 x 10~% cm™* Hz /2 per spectral element
for the FTS and 1.5 x 10™% em™* Hz ' per spectral element for
the VIPA. While it is not straightforward to directly compare the
sensitivities of the two different measurement setups, the VIPA
sensitivity (in terms of NEAS and FoM) is expected to be better by a
factor of M"? than the FTS assuming equal laser power incident
on the camera/detector, equal integration time, number of
spectral elements and interaction length.>®

This journal is © the Owner Societies 2023
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Fig. 2 (a) Absorption cross-section of CH,Br, measured in this work using the FTS (red) and the VIPA (black) setups, together with the previously

reported spectra based on the CRDS measurement (blue) and the low-resolution FT-IR spectrum from the PNNL database (green). Panels (b—d) show
zoomed-in windows at different parts of the asymmetric C—H stretching band, with vertical lines indicating the progressions discussed in the text. There

is no reported CRDS spectrum exceeding 3086 cm ™™,

In order to assess the uncertainty of the absorption cross-
section measured using the FTS, we checked the linearity of the
absorption spectra measured at different partial pressures of
CH,Br,. Fig. 3 shows the integrated absorption coefficient,

1

Ulintegrated :ﬂfcx(v)dv, evaluated between 2960 cm ™ and

3120 cm ™' as a function of the partial pressure of CH,Br,.
Two sets of measurements (labelled A and B) were performed
with pure CH,Br, by increasing and decreasing the cell pres-
sure and acquiring a spectrum at a 125 MHz sample point
spacing. The baseline in these spectra was corrected with the
same routine used for the interleaving process. The error bars
on the partial pressure correspond to the resolution of the
pressure sensor of 0.01 mbar, while the y-scale relative uncer-
tainties were calculated from the inverse of the signal-to-noise
ratio of the measurements, with the noise estimated on the
baseline to the side of the band. The dotted line is a linear fit to
the data weighted by the uncertainties. The standard deviation
of the scatter of the residuals of this fit yields a 4% relative error
in the absorption cross-section. This uncertainty stems mostly
from uncertainties in the CH,Br, concentration (e.g., leakage
into the sample vials, adsorption onto cell walls and tubes,
and sample impurities), and possible errors in the baseline
correction.

The integrated absorption coefficient measured using the
VIPA spectrometer is shown by the black star in Fig. 3, lining up
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Fig. 3 The integrated absorption coefficient, tintegrated. IN the range from
2960 cm™! to 3120 cm™t as a function of the CH.Br, partial pressure
measured using the FTS. The red and blue markers belong to two
measurement sets A and B and the dotted black line is a linear slope
fitted to the data. The blue circle and black star correspond to the
FTS measurement at 0.47 mbar and VIPA measurement at 0.70 mbar,
respectively, as shown in Fig. 2.
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nicely with the linear fit to the FTS data. The relative uncer-
tainty in the measurement of the absorption cross-section
using the VIPA method is a combination of the 5% error in
the CH,Br, concentration (from the pressure uncertainty) and
2.7% error in the Herriott cell path length. The combined
relative uncertainty in the absorption cross-section measured
using the VIPA spectrometer is thus 5.7%.

The integrated absorption cross-sections evaluated between
2956 cm™ " and 3086 cm ', the common range for the four data
sets shown in Fig. 2, is 50 & 2 c¢m for the FTS, 52 + 3 cm for the
VIPA, 44 + 1 cm for the CW-CRDS, and 50 + 2 ¢cm for the PNNL
spectrum. The integrated absorption cross-sections from the
two comb-based measurements and PNNL agree within 4%,
which is within the combined uncertainty of 7.7% of the three
methods. The CW-CRDS cross-section is within ~10%, which
is slightly higher than the 7.6% combined uncertainty of
the two comb-based methods and the CRDS measurement
(estimated to 3% from the reported signal-to-noise ratio and
sample impurities'®). This discrepancy in the absorption-cross
section between the two comb-based methods and CRDS can be
attributed to possible saturation issues in the CRDS measure-
ment, particularly in the sharp rovibrational features of the v
band around 3076 cm ™' or background subtraction issues.

The absorption cross-sections measured using the two
comb-based techniques are provided in the ESIT (S2).

3.2 Isotopic shift

Isotopic substitution is expected to affect all the vibrational
motions of a molecule, resulting in a shift in their vibrational
frequencies. The magnitude of the isotopic shift strongly depends
on the involvement of the substituted isotope in the vibrational
motion. Fig. 4 shows the molecular structure of CH,Br,, including
the displacement vectors (blue) of the involved atoms, and the
direction of the dipole moment change (yellow) of the Br-C-Br
bending, v,, the CH, wagging, vg, the symmetric C-H stretching,
v, and the asymmetric C-H stretching, v, normal modes. Here,
the principal inertial axes a, b, and ¢ correspond to the rotational
constants A, B, and C and the y-, z-, and x-axes.

It is anticipated that a larger isotopic shift would be
observed for vibrations involving C-Br motion than vibrations
involving C-H motion only. Therefore, the isotopic shift of the

b(z) b(z)

c(x) c(.\‘)v

ay)

a)

2 Vg
b — type transition a - type transition
Br-C-Br bending H-C-H wagging

View Article Online
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v4 band, involving Br-C-Br bending, is predicted to be much
larger than that of both the v; and v, vibrations. In addition,
the vg mode is expected to involve a larger isotopic shift than
the v and v, vibrations as the CH, wagging motion involves
larger displacement within the Br-C-Br plane.

The ab initio calculations of the anharmonic frequencies
of the v,, vy, 11, and v vibrational modes for CH,*'Br, and
CH,"°Br, isotopologues at different levels of theory together
with the available experimental data are presented in the ESI{
(S3). The difference in calculated frequencies for light and
heavy isotopologues, i.e., (CH, °Br,)-1(CH,*'Br,), represents
the theoretically predicted frequency shift due to a decrease of
two mass units. As shown in this table, the different model
chemistries predict the same trend of isotopic shift for different
vibrations, with almost negligible shift for the vs and 1,
vibrations. The M06 and the wB97X functionals seem to pro-
duce negative values for the isotopic shifts of the v and 14
vibrations; however, the predicted shift is less than the accuracy
of these model chemistries.

By comparing the calculated values with the experiment, the
isotopic shift of the v5 band reported by Brumfield et al''
agrees very well with the ab initio calculations, particularly
at the B3LYP, M06, and MP2 model chemistries. However,
the value of the shift of the v band reported by Sadiek and
Friedrichs"® is more than two orders of magnitude larger than
the theory predictions. Therefore, a new analysis of the high-
resolution spectrum of CH,Br, in the asymmetric C-H stretch-
ing region should be provided using the predicted small
isotopic shift, as well as the population of the low-lying v,
vibration, as presented here. For CH,Br,, population in the v,
vibration at 171.1 cm ™" results in a progression of nv, + v — nv,
hot bands, with n = 1-3. A similar effect was recently observed
for CH,I'* and CH,l,,"> where the measured spectra showed
progressions of rovibrational features near their fundamental
bands. For CH;l, the fundamental C-H stretching vibration,
v4, around 3080 cm ™~ contains a nearby progression which was
attributed to the v; + v4-1; hot band with an intensity equal
to ~7.6% of the fundamental v, band, as predicted by the
Boltzmann distribution factor. Similarly, the CH,I, spectrum
shows congested progressions of rovibrational spectral
features, which were explained by the population of the low

b(z) b(z)
o) 4 ) &
9 29
a(y) afy) <
Vi Ve

b - type transition
C-H symmetric stretch

¢ - type transition
C-H asymmetric stretch

Fig. 4 Molecular structure of CH,Br,. The blue and yellow arrows represent the displacement vectors and the direction of the transition dipole moment,

respectively, for the vy, vg, 11, and vg vibrational bands.
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lying v, vibrational state of the I-C-I bend motion, resulting in
the progression of nv, + vs — nv, hot bands, where the integer
n = 1-5 is the initial vibrational level. The fact that halogenated
hydrocarbons, particularly CH,I,, CH,Br,, and CF,I,, have very
low-lying vibrations resulting in a large density of vibrational
states. For this reason, they have been used as model systems
for studying the intramolecular quantum dynamics and
rovibrational energy redistribution.>**°

3.3 Spectral simulations and analysis

The spectral analysis in our study is limited to the asymmetric
C-H stretching region because (i) the sharp, more clearly
resolved rovibrational features of the ¢ band hold the potential
for being selected for future monitoring applications and
enable spectral fitting procedures to be undertaken and
(ii) the previously reported assignment turned out to be
incorrect. Using the entire measured v, band, rather than the
truncated band previously reported from CRDS measurements,
the revisited assignment of these spectral features takes into
account the almost 1:1 normal abundances of the two stable
isotopes of bromine and the fact that the low-lying v, band at
171.1 em™ ' is populated at room temperature. At room tem-
perature, assuming the Boltzmann distribution of the popula-
tion, a series of nv, + v — nv, hot bands, with n = 1 to 3, are
predicted to be visible nearby the fundamental v band, with
population ratios of 0.43, 0.18, and 0.08 relative to the v band,
respectively.

In this section, a semi-empirical approach is adopted for
simulating the spectra of the twelve vibrational states, relying
on the ab initio calculations and the ground state parameters.
The semi-empirical simulations are then used as a starting
point for fitting the band heads of the sharp rovibrational
features to the measured spectrum. Finally, a detailed line fit
is introduced for the dominant v band of the CH, °Br®*'Br
isotopologue.

Semi-empirical simulations. The simulations of the funda-
mental g and the ny, + v5 — nv, hot bands, with n = 1-3, were
performed using PGOPHER.>® The simulations of the overall
spectrum involved the sum of the spectra of twelve vibrational
states for all the isotopologues. CH,Br, was treated as a near-
prolate asymmetric top, with Ir representation using the
reduced form of the Hamiltonian as proposed by Watson®"
and as implemented in PGOPHER. For the simulations of the
rovibrational transitions, the ground state rotational constants
were taken from the microwave measurements of Niide et al."®
For the excited vibrational state, we followed the semi-empirical
approach suggested by Sadiek and Freidrichs,”® to provide
a reasonable starting value of the excited state rotational
constants for the twelve vibrational states involved in the
simulations. Briefly, the ab initio quantum chemical calcula-
tions were performed to obtain the anharmonic rotational
constants of the different vibrational excited states based on
the VPT2 approach. Then, the calculated change, 4, in rota-
tional constants upon vibrational excitation was added to
the already known vibrational ground state constants from
microwave measurements. Such a quantum chemical assisted

This journal is © the Owner Societies 2023
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approach has proven useful in providing a very good initial
match with the experiment for the v fundamental band of
CH,Br,," and the v, and v fundamental bands of CH,I, and
its nv, + vy — nv, hot bands, with n = 1-5.'° However, the
aptness of this approach for providing accurate band para-
meters depends mainly on the accuracy of the reported micro-
wave data of the target molecule and the appropriateness of the
used model chemistry. Therefore, the validity of the different
model chemistries should be tested for the different bands of
the targeted molecule in order to determine which of them
better reproduces the experiment.

For the fundamental v band of CH,Br,, the M06/6-311++G(d,p)
level of theory has shown to give effective rotational constants
of the vibrational exited states that best reproduce the experi-
mental spectrum.13 For the v and v, fundamental bands, and
nearby hot bands of CH,l,,"” the wB97X/def-2QZVPP level of
theory was tested to provide very good semi-empirical excited
vibrational state rotational constants. The wB97X/def-2QZVPP
level of theory is particularly attractive with respect to the
computation time and validity for halogenated molecules.*?
Nevertheless, several model chemistries were used in the
current work to estimate the isotopic shift and the A values
of the anharmonic rotational constants upon vibrational exci-
tation. The values of the calculated anharmonic rotational
constants and the estimated 4 values of the v, and v bands
used in the simulations of the twelve vibrational states are
given in the ESIt (S4). The evaluated semi-empirical rotational
constants for the twelve vibrational states of the three isotopo-
logues of CH,Br, are also given in the ESIt (S5). Using these
semi-empirical values of the rotational constants for the twelve
vibrational states, i.e., four for each isotopologue, the major ™
RQKE(]) clusters of rovibrational transitions could be repro-
duced, providing a very good initial match with the experiment
for further fitting to the experimental spectrum.

Fig. 5(a) shows the spectrum recorded (black) in the range
from 3040-3110 cm ™" using the VIPA setup with pure CH,Br,
vapour at 0.70 mbar together with the overall simulations
(blue, inverted for clarity) of the three isotopologues. For each
isotopologue, the simulation includes the fundamental v
band, and three hot bands, nv, + v — nv, with n = 1-3.
As shown in Fig. 5(b), four progressions of transitions could
be clearly identified in this spectrum, as indicated by the
vertical dotted lines around 3071 ecm™'. The simulations also
involve the Lorentzian contribution that accounts for the
ILS function (FWHM 0.0142 cm™ ') and the Gaussian contribu-
tion that accounts for the Doppler broadening (FWHM
0.0029 cm ). Note that the experimental data used here are
from low pressure CH,Br, vapour, so the Lorentzian contribu-
tion is not impacted by pressure broadening. As shown in this
figure, the spectra exhibit progressions of strong clusters of
Qx,(J) transitions typical for c-type bands. These clusters are
separated by approximately 2(A — B), where B = (B + C)/2.

Band head fitting. Each single Qx(J) cluster of lines is
composed of a series of unresolved spectral lines with a
decreasing spacing as J increases, resulting in the formation
of band heads. As the spectrum is complicated by the isotopic
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Fig. 5 (a) Absorption cross-section in the range dominated by the vg band measured using the VIPA spectrometer (black) together with the overall

simulations (blue, inverted), involving twelve vibrational states. The different colours of the vertical dotted lines show different rovibrational progressions.
(b) Zoomed-in window showing the experiment (black) and the simulation of the individual isotopologues, offset for clarity. The simulation of each of the
three isotopologues contains four vibrational states indicated by the vertical dotted lines. (c) Zoomed-in window showing the experiment and the

simulations of the vibrational bands for the CH,”°BréBr isotopologue.

substitution and the population in the low-lying v, vibration,
these strong Qg (J) transitions are used to provide the spectro-
scopic rotational constants of the twelve vibrational bands
involved in the spectrum. Starting from the initial semi-
empirical simulations, which nicely reproduce these Qg (J)
clusters, the experimental spectrum measured using the FTS
was fitted relying on the band heads of the Qg (/) transitions.
In the “band head” fitting procedure, the heads of each band,
which consist of a cluster of congested rovibrational transi-
tions, were assigned as one transition and the rotational
constants as well as the band origins were allowed to float.
The band head fitting was performed for each vibrational state
of each isotopologue one after the other starting from the v
band of CH,”?Br®'Br. In the band head fitting, all the centrifu-
gal distortion constants were fixed to their ground state values
of Niide et al.,'® except the Dy constant, which was floated in
both the ground and the excited states, as there was no
reported value for it. Fig. 5(b) shows a zoomed-in window of
the recorded spectrum (black) together with the overall simula-
tions of CH, °Br®'Br (red), CH,”°Br, (blue), and CH,%'Br,
(green) isotopologues after the band head fit, showing excellent
agreement with the experiment. Each simulated isotopologue
spectrum consists of four different vibrational bands that could
be clearly identified, as can be seen in Fig. 5(c), for CH,”°Br®'Br.
It should be noted again that the previous simulations®® of

8750 | Phys. Chem. Chem. Phys., 2023, 25, 8743-8754

CH,Br, attributed the different progressions to the isotopic
shift rather than the population of the low-lying v, vibration,
and hence did not include the nv, + v — nv, hot bands. The
isotopic shifts are too small to be observed in Fig. 5(b), which
also agrees with our theoretical quantum chemical calcula-
tions. Tables 1-3 present the band parameters of the funda-
mental v and the nearby hot bands of the three isotopologues
together with the number of Qx (/) clusters used in the fit. The
assignment of the band heads of some of the bands was
possible up to a K, value of 24. We note that for each K, > 2
there are two Qg (/) clusters in the P and R-branches, ie., the
assignment of more than 48 clusters was possible, particularly
for the strong fundamental bands. Only a few Qg (J) clusters
could be identified for the 3v, + v — 3v, hot bands due to their
weak intensity. Overall, an average error [observed (obs.) -
calculated (calc.)] of the least squares fit to the assigned
clusters of approximately 0.0084 cm™" was obtained for the
band head fitting approach.

It should be highlighted here again that the observation of a
third hot band, i.e., the fourth progression in the spectrum,
as indicated by the vertical dotted lines in Fig. 5(b) around
3071 em ', although with a weak intensity, is another proof
that the rovibrational progressions of the CH,Br, spectrum are
due to the population of the v, band and not due to the isotopic
shift as previously reported,’® as there are three possible

This journal is © the Owner Societies 2023
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Table1 The band parameters obtained from the band head fitting for the fundamental vg and 14 vibrational bands together with the nv4 + vg — nv4 hot
bands, with n = 1-3, for the CH,”°Br®!Br isotopologue. All values are given in cm™. Values in parentheses denote the fit uncertainties at 1o confidence

Uyt Vg — 1y

2V,

204 + Vg — 20,

3vy

vyt Vg — 3u,

level

v? Ve Uy
Origin 0 3076.7187(5) 171.1008(3)
A 0.8675192 0.866907(5)  0.871208(2)
B 0.0408047 0.0408270(6) 0.0407879(7)
C 0.0392537 0.0392753(5) 0.0392269(5)
Dy x 10°? 1.271(4)  1.277(4) 1.240(3)
Num. of K, assignments 39 42
obs. — calc. 0.0080 0.0085

3248.2287(3)
0.870566(6)
0.0408100(7)
0.0392457(4)
1.239(5)

341.6389(3)
0.874895(3)
0.0407472(8)
0.0392475(7)
1.240(4)

32

0.0086

3419.1600(3)
0.874210(10)
0.0407730(8)
0.0392647(7)
1.224(4)

512.5325(4)
0.878501(17)
0.0407470(16)
0.0391945(7)
1.240(4)

1

0.0086

3590.4058(8)
0.878116(20)
0.0407757(16)
0.03921214(7)
1.225(5)

“ Ground state constants from microwave measurements of Niide et al.*® ? Dy was allowed to float in both the ground and excited states.

Table 2 The band parameters obtained from the band head fitting for the fundamental vg and v, vibrational bands together with the nv4 + vg — nv4 hot
bands, with n = 1-3, for the CH,°Br, isotopologue. All values are given in cm™. Values in parentheses denote the fit uncertainties at 1o confidence level

Uyt Vg — 1y

2v,

204+ Vg — 20,

3vy

3vs + Vg — 3uy

v? Ve Uy
Origin 0 3076.7206(5) 172.078(3)
A 0.8683441 0.867753(6)  0.871870(5)
B 0.0413131 0.0413362(6) 0.0413154(7)
c 0.0397255 0.0397505(3) 0.0397106(4)
Dy x 10°? 1.285(4)  1.293(5) 1.260(2)
Num. of K, assignments 40 42
obs. — calc. 0.0083 0.0086

3249.204(3)
0.871230(6)
0.0413373(7)
0.0397311(4)
1.255(2)

343.859(13)
0.875430(10)
0.0412746(8)
0.0397110(7)
1.271(3)

34

0.0086

3421.381(13)
0.874719(10)
0.0413028(8)
0.0397287(6)
1.255(4)

515.460(6)
0.879395(17)
0.0412575(20)
0.0396664(7)
1.248(8)

16

0.0083

3593.360(6)
0.878435(22)
0.0413279(20)
0.0396728(7)
1.258(9)

“ Ground state constants from the microwave measurements of Niide et al.’® ? D¢ was allowed to float in both the ground and excited states.

Table 3 The band parameters obtained from the band head fitting for the fundamental vg and v, vibrational bands together with the nvy + vg — nv4 hot
bands, with n = 1-3, for the CH,%'Br, isotopologue. All values are given in cm™. Values in parentheses denote the fit uncertainties at 1o confidence level

v® Vs Vs vyt vg — Vg 214 2up + Ug — 214 314y 34+ Vg — 31y
Origin 0 3076.7177(4) 170.1369(2) 3247.2639(2) 340.0197(3) 3417.5382(3)  509.654(26) 3587.543(18)
A 0.8667564 0.866122(4) 0.870371(6) 0.869715(6) 0.8742546(9) 0.8735636(9) 0.878921(23) 0.878667(26)
B 0.0402973 0.0403195(3) 0.0399610(7) 0.0399800(7) 0.04026154(7) 0.04028728(8) 0.0400810(16) 0.04011750(16)
c 0.0387823 0.0388033(3) 0.0384679(4) 0.0384869(4) 0.03873119(6) 0.03874950(6) 0.0387941(7) 0.03880211(7)
Dy X 10°? 1.241(5) 1.242(5) 1.233(2) 1.223(2) 1.209(3) 1.189(3) 1.227(2) 1.220(4)
Num. of K, assignments 46 42 35 9
obs. — calc. 0.00830 0.00830 0.00830 0.00830

“ Ground state constants from the microwave measurements of Niide et al.'® ® Dy was allowed to float in both the ground and excited states.

isotopologues of CH,Br, and not four. A similar peak progres-
sion could be expected for the spectra of CH,F, and CH,Cl, at
room temperature, just with the decreasing intensity for the hot
bands due to an increased transition frequency for their v,
bands: CH,F, (v4 = 528 cm™'),** and CH,Cl, (v, = 281.5 cm™'),**
compared to CH,Br, (v; = 171.1 cm '),'® and CH,l,
(va=121 cm™).»

We note that band head fitting of the measured spectrum of
the v, band was not possible as the symmetric stretching C-H
vibration of the v, band results in a b-type transition with no
resolved rovibrational structures that can be utilized in band
head fitting as in the ¢ band. In addition, the 1:1 abundance
of the Br isotopes and the predicted nv, + v; — nv, hot bands in
the 1, region are expected to add extra complexity to the
assignment of the v, band. Therefore, the assignment of the
v; band will be commenced in the future at low temperatures to
simplify the assignment of the three isotopologues, and possi-
bly study molecular perturbations that may exist and affect the
rovibrational transitions.

This journal is © the Owner Societies 2023

Line fitting. The simulated spectrum after the band head fit
shows an overall very good agreement with the high-resolution
spectrum measured using the comb-based FTS setup, see
Fig. 6(a). The simulations here do not involve any Lorentzian
contribution as the measured spectrum is Doppler-limited
and the FTS instrument has negligible ILS contribution.
Panels (b and c) show two spectral windows zoomed-in on the
PQ(K. = 15) transitions around 3053 cm ' and RQ(K, = 8)
transitions around 3091 cm™', at the band wings where
several partially resolved vibrational lines in the measured
spectrum could be assigned to the v band of the CH,”°Br®'Br
isotopologue. Several of these relatively strong and partially
resolved absorption profiles are due to the coincidence of the
R(J) or P(J) lines of different K,. Since the overall spectrum is
dominated by the mixed CH,”°Br®*'Br isotopologue, particu-
larly its v vibrational band, a final line fitting was limited
to the v band to determine the band parameters with
high accuracy. Among all the simulated transitions for the
ve band of the CH,”°Br*'Br isotopologue, 1808 transitions

Phys. Chem. Chem. Phys., 2023, 25, 8743-8754 | 8751
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Fig. 6

(a) Absorption cross-section measured using the FTS spectrometer (red) together with the overall simulations (blue, inverted), involving twelve

vibrational states. (b and ¢) Zoomed-in windows around the PQ(K, = 15) and RQ(K, = 8) transitions at the wings of the band, showing partially resolved
profiles that match with the experiment and the simulations. The different clusters of transitions correspond to different vibrational states. (d) The
residuals of the least squares fit to the assigned transitions as a function of J and K, quantum numbers.

were assigned. These assigned lines were then used to fit the
rotational constants and the centrifugal distortion constants.

In the line fitting procedure, all the ground state constants
were fixed to their microwave values of Niide et al.,'® except

Table 4 Band parameters of the vg band of the CH,”°Br®!Br isotopologue together with the vy parameters from the microwave measurements. All
values are given in cm™. Values in parentheses denote the fit uncertainties at 1o confidence level

Ve

Frequency comb spectroscopy

vo? Line fit Band head fit CRDS™
Origin 0 3076.7191(86) 3076.7187(5) 3077.12573(9)
A 0.86751916 0.866887(1) 0.866907(5) 0.8664934(34)
B 0.040804716 0.0408288(2) 0.0408270(6) 0.04082770(5)
c 0.039253679 0.0392752(3) 0.0392753(5) 0.03927221(5)
Dy x 10° 7.75 7.79(5)
Djx x 107 —3.81 —3.81(4)
Dg x 10°? 1.271(2) 1.265(1) 1.277(4)
Sk x 10*° —6.44 —5.90(20)
3y x 10° —1.03 -1.13(3)
Num. of assign. 1808
Error 0.0011

“ Ground state constants based on the microwave measurements of Niide et al.*® ” The value of the Dy constant was fitted in the upper and lower

states.
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the K dependence of the centrifugal distortion which was
treated as a free parameter.

Table 4 presents the spectroscopic parameters of the v band
of the CH,”°Br®'Br isotopologue obtained from the line fitting.
The values of the band parameters obtained from the band
head fitting approach together with the initially reported values
are also included for comparison. It can be seen in this table
that the band origin in the previous assignment is off by
0.4 cm . The residuals of the least squares fit to assigned
transitions as a function of J and K, quantum numbers are
shown in Fig. 6(d). The line positions of the assigned transi-
tions were reproduced with an average error of 0.0011 cm ™"
(33 MHz). As shown in this panel, the residuals are randomly
scattered around zero for transitions up to J = 75 and K, = 13,
indicating the accuracy of the reported band parameters.
It should be noted, however, that there are still several peaks
that were not reproduced by the spectral simulations, which
could be attributed to the other remaining vibrational bands.
The assignments of individual lines of the ¢ band of the other
isotopologues and all the hot bands were more challenging
because the spectrum is dominated by the 14 fundamental
band of the CH, °Br®'Br isotopologue and complicated by
the normal abundance of the three isotopologues. Therefore,
the reported “band head” fitting parameters in Tables 1-3 are
considered as the band parameters of the remaining vibrations.
The very small difference in the band origin (4 x 10™* em™",
within the combined fit uncertainty) and rotational constants
of the vs band between the band head fitting and the detailed
line fitting approaches, as shown in Table 4, indicate the high
accuracy of the reported band parameters of the remaining
eleven bands based on the band head fitting approach.

4. Conclusions

We introduce frequency comb-based measurements of the
absorption cross-section of dibromomethane, CH,Br,, in the
range from 2960 cm™' to 3120 cm™ " using two independent
setups: Fourier transform spectroscopy and virtually imaged
phased array spectroscopy. The reported cross-sections agree
very well with each other and with the low-resolution FT-IR
measurements of the PNNL database (within 4%) and with
earlier measurements using CRDS (within 10%).

We revisited the assignment of the high-resolution spectrum
of CH,Br, as the previous assignment showed more than two
orders of magnitude larger isotope shift than that predicted by
ab initio calculations. The new assignment takes into account
the population of the low-lying v, mode, located at 171.1 cm ™%,
at room temperature, and hence the formation of progressions
of nv, + v — nv, bands, with n = 1-3 nearby the fundamental v
band. The overall simulations involve twelve vibrational bands,
four for each isotopologue of CH,Br,: the fundamental v, and
three nv, + vs — nv, hot bands. Each of these bands showed
the formation of Qg (/) clusters of rovibrational transitions.
By assigning the heads of these clusters, the rotational con-
stants of the twelve vibrational states could be obtained with an
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average error (obs. — calc.) of 0.0084 cm ™. After the band head
fitting, several of the partially resolved absorption profiles
could be assigned to the fundamental v band of the major
CH, °Br®'Br isotopologue. The assignment of 1808 transitions
allowed us to extend the fitting and extract the higher order
centrifugal distortion constants, with an average error of
0.0011 cm™"'. This study provides accurate absorption cross-
section data as well as an accurate spectroscopic model for
the three isotopologues of CH,Br, in the asymmetric C-H
stretching region, which represent the needed information to
commence the optical monitoring of CH,Br, in workplaces at
the harbours and in the environment. Future measurements of
CH,Br, at low temperatures will simplify its spectrum and
enable line-by-line assignment to the v, spectral region.
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