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ABSTRACT

Direct frequency comb spectroscopy was utilized to measure the vibrational absorption spectrum of diiodomethane, CH,L», from 2960 to
3125 cm™!. The data were obtained using a CH,I, concentration of (6.8 + 1.3) x 10" molecule cm™ and a total pressure of 10-300 mbar with
either nitrogen or argon as the bath gas. The rovibrational spectra of two fundamental transitions, vs and v;, were recorded and analyzed. We
suggest that a significant contribution to the observed congested spectra is due to the population in excited vibrational states of the low energy
v4 I-C-I bend, resulting in transitions 6'94™, and 104", where the integer n is the initial vibrational level v = 1-5. PGOPHER was used
to fit the experimental spectrum, allowing for rotational constants and other spectral information to be reported. In addition, it was found
that the peak widths for the observed transitions were limited by pressure broadening, resulting in a pressure broadening parameter of (0.143
+0.006) cm™! atm™! by N3 and (0.116 + 0.006) cm™! atm™! by Ar. Further implications for other dihaloalkane infrared spectra are discussed.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0081836

I. INTRODUCTION

Diiodomethane, CH,I5, is a significant contributor to the global
iodine budget, especially in coastal locations and in the marine
boundary layer." ° This dihalogen organic compound has a relatively
short atmospheric lifetime (2-10 min)” due to rapid photolysis to
form CH,L, I, and CHa. These products, in particular, the iodine rad-
ical, then influence important atmospheric processes such as ozone
depletion, aerosol formation, and the NOy and HOx cycles via reac-
tions with the IO radical, which is readily formed through reactions
of the iodine radical with ozone.”"*'’ Aside from its atmo-
spheric importance, CHxI, is now commonly used in laboratory
experiments'! as an effective precursor to generate the smallest
Criegee intermediate, CH,OO, through the reaction of CHI
with O,.

Despite its continued use in laboratory environments and
importance in the marine boundary layer, fundamental gas phase
spectroscopic studies of CHylI,, specifically in the infrared, are
somewhat lacking. Understandably, a more significant effort has
been made toward understanding its electronic spectroscopy (for
example, Refs. 7, 12-14 and references thereof), with comparably

less information available on its rotational ”'® and vibrational
spectroscopies.” *' The most recent gas phase infrared study
reported spectra at two temperatures (298.15 and 323.15 K)'""’
and measured quantitative absorption cross sections from
530-7100 cm™ ', which is included in the HITRAN database.’
However, the published work was conducted at atmospheric
pressure, which obscured a spectroscopic detail due to pressure
broadening of the rovibrational transitions, limiting the information
gathered to absorption cross section, band type, and band origin
with an uncertainty of 0.1 cm™". Although this previous work
did not report rotational constants for the observed transitions, a
further study”® on the IR spectrum from 2250-3400 cm™" had a
spectral resolution of 0.002 cm™' and was able to extract rotational
constants for the vs and v; bands, but is unpublished. Some vibra-
tional information for CH,I, can be found within references that
focus on the influence of vibrational relaxation and redistribution
within electronic energy levels,'”** but these studies do not report
other properties, such as rotational constants of specific vibra-
tional modes. Theoretical studies are also fairly limited on CH,I,
vibrational spectroscopy. However, one particular study” used
the internal coordinate model to calculate anharmonic vibrational
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frequencies of fundamental and overtone bands, which showed
good agreement between theory and low resolution observations.
Solution phase’® *’ and solid state’’ ** infrared spectra have also
been reported, but were either low resolution or were focused on
vibrational relaxation and energy transfer.

Other dihalomethanes with the structure CH,X, (where X = F,
Cl, or Br) have been the subject of numerous publications focused
on fundamental infrared spectroscopy plus other areas of electronic
and rotational spectroscopy.”"”"**" The C-H stretching region
of the infrared spectrum of difluoromethane, CH,F,, for example,
is of great interest in understanding Coriolis coupling and Fermi
resonances, where the vi, vs, 2v2, 2vs, and v, + vg transitions
are all within 200 cm™" of each other (see Ref. 36 and references
therein). However, when moving to CH,Cl,, this molecule was
noted as “an almost vibrationally unperturbed molecule” (for exam-
ple, see Refs. 40 and 54 and references thereof). CH,Br, was also
shown to have no perturbations within the C-H stretching region.*’
However, both CH,Cl, and CH;Br; have other complicating fac-
tors when analyzing these spectra since both the halogens have two
stable isotopes, leading to three different isotopologs present within
normal isotopic abundance samples. Iodine, however, is monoiso-
topic, so the rovibrational spectrum of CH,I, should not suffer
from the same level of spectral congestion and complicated levels
of analysis.

In this work, we utilize a frequency comb laser combined with
a spatially dispersive spectrometer to measure a high-resolution
CH:I, infrared spectrum over the range of 2950-3130 cm~ L. Fre-
quency comb spectroscopy is an emerging technique in the chemical
sciences. There are several benefits of frequency comb spectroscopy
over traditional Fourier transform infrared (FTIR) spectroscopy or
using single frequency lasers scanned over a broad spectral range.
For example, frequency comb spectrometers generally achieve a bet-
ter signal-to-noise ratio during the collection of a broadband, high-
resolution spectrum than traditional techniques in the same amount
of averaging time. There are also potential advantages in achievable
spectral resolution, depending on the spectrometer, in comparison
to traditional techniques. Please see review articles (Refs. 55-57)
and book chapter (Ref. 58) for further information. Here, we use
our recently built frequency comb spectrometer to extract rota-
tional constants, band origins, and other spectroscopic parameters.
In addition, we explore the impacts of pressure broadening on the
observed spectrum. Information gathered from the analysis of the
CH,I, spectrum is then compared to other dihalomethane spectra.

Il. EXPERIMENTAL METHODS

The experimental apparatus has been discussed previously,™
and therefore, only a brief description follows. The laser (Menlo
Systems) is a mode-locked, femtosecond frequency comb laser
operating with a 250 MHz repetition rate.”’ Difference frequency
generation is used to produce the mid-infrared frequency comb
laser, spanning 2700 to 3300 cm™" (3000-3500 nm). The individ-
ual frequencies (f,) of the comb spanning the broadband output
of the laser are integer (n) multiples (frp) such that f; = n-fip.
Each comb tooth is separated from the next by the repetition rate,
which is tunable around 250 MHz (or 0.0083 cm™").

The laser beam is directed through a Herriott multipass gas cell.
Calibration of the path length through a gaseous sample is achieved
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by multiple measurements of various known CH, concentrations,
resulting in a path length measurement of 570 + 60 cm. After exit-
ing the Herriott cell, the laser beam is then fiber coupled to the
imaging detection setup, where the beam is spatially dispersed using
the combination of a VIPA (virtually imaged phase array, Light
Machinery)®! and a diffraction grating as a cross-dispersive element.
The resulting 2D array of frequency comb modes (comb “teeth”)
is imaged onto an InSb infrared camera (Infratec). Calibration of
each frequency comb mode number (integer n, as above) imaged
on the camera is achieved using the infrared spectrum of CHy. See
our previous study”’ for an in-depth discussion of the frequency axis
calibration. As a submultiple of the frequency comb repetition rate
is locked to a rubidium clock (10 MHz, Stanford Research Systems),
this sets the accuracy for the frequency of each comb mode.”"”

In order to record the mid-IR spectrum shown in this work,
spanning 2950 up to 3130 cm™, six different grating positions (grat-
ing angle with respect to the camera) were used, which will be
referred to as separate windows. For each window, three repetition
rates of the frequency comb laser were used: 249.9999, 250.0000,
and 250.0001 MHz. This allows for a data point separation of
0.0028 cm ™" once the three datasets are interleaved. For each repeti-
tion rate in each window, 10 000 images (50 us exposure time for one
image, 125 Hz camera imaging rate) were averaged together for both
signal (CH,I, present with buffer gas) and background (N, only)
datasets. The same datasets were taken for the frequency calibration
measurements with CHy.

A pure flow of N is used as the background spectrum to ensure
all impurities are removed from the gas cell. Either argon or N,
is used as the bath gas for the CH>I, sample in the two experi-
ments reported here, which consist of detailed spectral analysis and
pressure broadening experiments. In both the experiments, flowing
samples were used, with the pressure in the cell controlled by mass
flow controllers and an in-line control valve prior to the vacuum
pump. Using a gas flow over a liquid sample of CH,I, (Sigma-
Aldrich, 99% pure), the concentration of CH,I, was determined via
its known vapor pressure (1.6 mbar at 298 K).®* As the vapor pres-
sure of CH,I, is low at room temperature, the sample was heated
within the Teflon (PTFE)-lined sample container to ~313 K, yield-
ing a vapor pressure of 6.15 mbar. As Teflon has fairly poor thermal
conductivity, leading to uncertainties in the vapor pressure of CH, I,
the CH,I, concentration was further verified by comparison with
the previously reported absorption cross section combined with our
measured absorption path length (discussed in Sec. IV B). For the
detailed spectral analysis experiment, Ar was used as the bath gas.
Each spectrum was recorded at room temperature, with a total pres-
sure of 11.3 + 0.1 mbar in the cell and a CH,I, concentration of
(6.8 + 1.3) x 10'*> molecule cm™ or 0.28 + 0.05 mbar. In the second
experiment, focused on the effects of pressure broadening, both N,
and Ar were used as a bath gas. Here, gas cell pressures ranged from
20 to 1000 mbar, while the CH,I, concentration was kept approx-
imately constant at (2.7 + 0.5) x 10* molecule cm™>. The errors
reported for the two concentrations of CH,I are based on the error
of the mass flow controller, the vapor pressure, and do not include
the possible systematic errors discussed in Sec. IV B.

As discussed previously,” the data acquired for each window
are recorded in the form of a 560 x 640 pixel thermal image. In
order to transform the image into a spectrum, a MATLAB code is
used to analyze the integrated intensity (I for the signal and I, for
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the background) of each frequency comb mode, order the modes in
ascending frequency wavenumber, and then use the Beer-Lambert
law to determine the absorption spectrum [absorption = In(I/I)]
for that particular window and frequency comb repetition rate. This
process is then repeated for all 18 datasets. Further spectral data pro-
cessing is needed in the form of a fast Fourier transform filter for
some external background noise, which is applied to all windows and
repetition rates. The background noise near 840 MHz is due to an
unknown source and is visible on datasets with and without the sam-
ple present. When this noise is filtered, the baseline noise reduces
from 4.92 x 107* to 2.35 x 107*. The filtered data for each win-
dow are interleaved for the three frequency comb repetition rates,
which gives six spectra with a data point spacing of 0.0028 cm™.
Finally, these six spectra are combined to form one full spectrum,
where overlapping sections having an average of 7 cm ™" of overlap-
ping data points between adjacent windows are averaged together to
give the final spectrum.

To analyze the acquired CHI, spectrum, the program
PGOPHER®* was implemented concentrating on two different spec-
tral fitting methods: the line-position fitting procedure and contour
fitting. The line-position fitting procedure within PGOPHER is rec-
ommended for determining rotational constants, especially with
high-resolution spectra. This requires a rotational-vibrational line
list to be generated for the corresponding vibrational transition,
whereby each simulated peak is assigned to a corresponding exper-
imental peak. Each rotational constant and the origin are then
individually fitted in accordance with the generated line list. For each
upper vibrational state described below, seven parameters have been
fitted via line-position fitting, using a Watson S reduction Hamil-
tonian: origin, A, B, § [where B = Y, B+ C)and § = (B - C)], Dy,
Djk, and Dy. Furthermore, for each lower vibrational state described
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below, all the rotational constants have been taken from available
rotational spectra (A, B, 8, Dy, Djx, Dk, 8K, §J, Hj, Hyx, Hyj, and
HK).“‘“’ The last six of these rotational constants for each lower
vibrational state have been included for the upper vibrational state,
but not fitted, as the lack of well-resolved higher K, transitions
makes it difficult to fit the constants to a reasonable level of certainty.
For each of the fitted rotational constants, the error is the standard
deviation based on the quality of the fit given by PGOPHER.®* After
the successful determination of spectroscopic parameters via line-
position fitting, contour fits within PGOPHER work by fitting the
overall shape of the simulated spectrum to the experimental spec-
trum. This method is not recommended for robust fitting of the
rotational constants but was used to fit overall pressure broaden-
ing parameters by allowing the peak width parameter to be fitted
to the data from the second experiment. Further information on
how both of these procedures work can be found within PGOPHER
documentation.®

I1l. RESULTS

Figure 1 shows the recorded rovibrational spectrum for CH,I,
from 2960 to 3125 cm™". This experimental spectrum is a culmina-
tion of all 36 individual spectra, as discussed in the Sec. II: six grating
positions (“windows”) each taken at three different frequency comb
repetition rates, in duplicate for a signal image (with CH,I, present)
and a background image (N, only). The y-axis shows an absorp-
tion cross section, as determined for a specified temperature and
total pressure by oy = In(t,)/pL, where oy is the absorption cross
section (cm® molecule™) at wavenumber v, T is the spectral trans-
mittance at wavenumber v, and p is the density (molecule cm™)
along an optical path of length, L (cm), as used by HITRAN,'"'***

(1) 0.3 (i) 4a -
@ ° o _
(=}
g 0.24 1 V6 qlo
< ¢ B —
4 = b =
o) o g
501 - < .S <
) s S o
Q «a < 8 -—51
g < T - n 8
S 0.0 23
3 T r r 2 o g
2 . 3061 3062 3063 35
< -1 g
_ Wavenumber (cm™) i .5 Kl
S 7 o e
Vi R
i S
L <
®|| ¥ * %
= uu”””. ebd_ S
S THR T T T T T : T T T T T T =
2975 3000 3025 3050 3075 3100 3125

Wavenumber (cm™)

FIG. 1. Full experimental CHj |, vibrational spectrum from 2960 to 3125 cm~" under the following conditions: 298 K, path length of 570 + 60 cm, and CHl, partial pressure
of 0.28 + 0.05 mbar, with a total pressure of 11.3 + 0.1 mbar. Red asterisks indicate impurities observed with or without the CH; I, sample present. The left y-axis shows the
absorbance measured in this work, and the right y-axis shows the absorbance cross section (cm? molecule=") based on the corrected experimental concentration and path
length. (i) Expanded region of the v C—H asymmetric stretch from 3060.5 to 3063.5 cm~". This region shows two transitions: ®Qq(J) and PQg(J). (ii) Molecular structure of
CH;yl; (iodine = purple, carbon = gray, and hydrogen = white). The axes show the labels used for this analysis: the vg asymmetric stretch causes a transition dipole moment
along the c axis, and the v4 symmetric stretch causes a transition dipole moment along the b axis.

J. Chem. Phys. 156, 114301 (2022); doi: 10.1063/5.0081836
© Author(s) 2022

156, 114301-3


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

Inset (i) of Fig. 1 shows an expansion of the spectrum indicated by
the red box, and inset (ii) shows CHI, superimposed on the rota-
tional axis system used during the analysis presented below. Note
that CH,I, is a near prolate asymmetric top molecule with C,, sym-
metry, with a value of ¥ = —0.9986, where x = (2B - A — C)/(A - C),
based on the ground vibrational state rotational constants mea-
sured by microwave spectroscopy.'® The majority of the analysis,
such as fitting procedures and determining rotational constants, was
performed in the program PGOPHER as described above.

Within this wavenumber region of the infrared, there are two
vibrational bands immediately evident: the fundamental v, tran-
sition visible from 2967 to 3032 cm™' and the fundamental ve
transition from 3032 to 3115 cm™". These normal modes can nom-
inally be described as symmetric (vi) and antisymmetric (vs) C-H
stretches of the CH, moiety. The v, band has well-defined l)/RQKa(])
branches, with no central Q branch, consistent with the fact that v;
is a b-type transition with a; symmetry as previously reported.'” On
the other hand, the vs band has a strong, central Q branch, and then,
P/ RQKa(]) branches, which is consistent with ve being a c-type tran-
sition with b; symmetry, again as previously reported.” Summing
across each vibrational band to obtain integrated absorption coeffi-
cients, values of 3.21 x 107" cm? molecule™ for ve (from 3045.003
to 3099.999 cm™!) and 7.32 x 107% cm? molecule™* for v; (from
2970.003 to 3028.001 cm™') are obtained. It should be noted that
these slightly reduced regions were chosen to minimize the inclu-
sion of water impurity peaks and overlapping regions of the two
vibrational bands, so they should be considered a lower limit. This
gives a band strength ratio of 1:0.23 for ve:vi, which agrees well
with the reference data (supplementary material, Sec. C). Within
each vibrational band, there are a series of peaks. Each peak con-
sists of many transitions that, due to line broadening, appear as one
peak with a full-width-at-half-maximum (FWHM) of ~0.02 cm™L.
The major source of the line broadening is likely to be pressure
broadening, discussed further below (see Sec. 111 C). The abundance
of peaks seen as repeating stacks were initially unexpected (Fig. 2,
inset), hereafter referred to as progressions. In the previous study,'”
the atmospheric pressure used meant these progressions presented
as one single broad peak (approximate FWHM of 0.3 cm™'), albeit
with an asymmetrical line shape. Evidence of this can be seen
in Fig. Cl in the supplementary material, where the previously
reported spectrum (HITRAN data) is superimposed on the exper-
imental data. Similar progressions are present in the high-resolution
spectrum of CH,Br,.*” The different peaks within the progressions
were attributed to the three isotopomers of the molecule. However,
this argument fails for CH;I, due to the monoisotopic nature of
iodine. Therefore, a different argument is needed to explain the peak
progressions observed in the experimental spectrum presented here.

A. Fitting results of the vg band

For the vg vibrational band, the discernible peaks span 3032
up to 3115 cm™', with the band origin at 3072.912 cm™". Assum-
ing a conservative minimum detectable absorption of 3¢ above
the baseline noise (o = 2.4 x 107%), ~210 peaks in this band
are detectable. These peaks involve a strong central Q branch
and "®Qxa(J) branches that are spaced by ~2(A - B). For c-type
transitions, using the inertial axes as labeled in Fig. I[inset (ii)],
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FIG. 2. (a) Comparison of the experimental spectrum (black) and the overall simu-
lation (red), as determined in PGOPHER, for the vg band from 3050 to 3095 cm~".
The overall simulation is compiled of the different simulated transitions for the fun-
damental 6" band and the 6y 4", hot bands, where n < 5. The y-axis shows
relative absorbance of the experimental and simulation spectra, where the simula-
tion has been scaled up to match the experimental. The green line is the residual
plot of experimental minus the overall simulation. (b) Zoomed-in portion of the
three spectra, from 3062.4 to 3068.7 cm~", showing four different K, transitions in
the PQ branch.

the rotational selection rules are: A] = 0, +1, AK, = +1, and
AK. =0, £2.

To assign the fundamental transitions of the vs band,
we use a fitting procedure within PGOPHER® as described
in the Sec. II. This procedure involves manually assigning the
experimental peaks to the corresponding simulation peaks and
allowing the program to perform a line fitting function while
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TABLE I. Experimentally determined rotational constants for the fundamental vg and
vy vibrational bands. The standard deviation error is given in brackets for each

constant. All values are given in cm

—1
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TABLE II. Vibrational normal mode assignments for previous work compared to
this work. All vibrational wavenumbers (cm~") are based on the gas phase IR
assignments unless otherwise stated.

Ground state

(v=0)" ve (v=1) vi(v=1)
Origin e 3072.906(3) 3001.940 7(4)
A 0.734 994 042 0.735 004(2) 0.733 603(3)
B 0.020 453481  0.0204549(4) 0.0204 527(1)
5 0.000 493 192 0.000 493(6) 0.000 498(3)
Dk x 107° 1.186 01 1.201(2) 1.180(1)
Djk x 1077 ~2.14926 -2.13(2) ~2.103(7)
Dy x 107 229197 2.23(6) 2.26(2)

*Constants from Ref. 15.

varying the required parameters, such as rotational and centrifugal
distortion constants. The final constants are documented in Table I
alongside the ground state constants used within the program, which
were taken directly from the microwave data in Ref. 15. The overall
simulated spectrum produced from this fitting algorithm can be seen
in Fig. 2. Due to pressure broadening, each peak is a combination of
many (J, Kc) transitions that share a common K, transition.

We have observed that for each repeating progression in the vg
band, there are up to six detectable peaks. The highest intensity peak
always belongs to the 6'¢ vibrational transition, but the progres-
sions are being caused by additional vibrational transitions. Taking
into consideration all nine fundamental normal mode vibrations of
CHzI, (see Table II), the lowest energy vibrational mode is the v4
ICI bending mode (121 cm™" for Raman and liquid IR studies'” and
127 cm™! for the crystalline phase’”). This transition wavenumber
is less than the available thermal energy at room temperature (kgT
~ 200 cm_l), which means it is reasonable to assume that v4 has
population in excited vibrational states during the experiment. Fur-
ther discussion of the expected Boltzmann population distribution,
which is automatically calculated in the PGOPHER simulation for a
given temperature, is in Sec. IV E.

The population in these v4 (v > 0) states can then be excited
with a transition frequency similar to that of the fundamental v
transition. In other words, the transition would be denoted 6'¢4';
for population initially in v4 (v = 1) and will be referred to as hot
bands. These are not technically combination bands since only one
vibrational quantum number changes in the transition, although
cross-anharmonicity terms would still be present and impact the
observed transition frequency. Including these transitions in an
overall simulation, using v4 (v < 4) rotational constants from Ref. 15,
gives a very good match to the experimental spectrum, as seen in
Fig. 2. The v4 (v = 5) rotational constants were extrapolated from
the v4 (v < 4) rotational constants reported in Ref. 15. However,
as there has been no gas phase studies involving the v4 vibration,
the transition energy for 4'y was approximated to 121 ¢cm™ (the
same for the liquid IR studies), and the subsequent transitions are
just integer multiples of 121 cm™, for example, 242 cm™ for the
4% transition. This approximation does not significantly impact
the simulated spectrum since the 6'¢4", origin is fit during the
procedure, although the intensity of the 6'¢4", transitions will be
impacted since these are dependent on the PGOPHER calculated

Symmetry Experiment wB97X/Def2QZVPP*

V4 a1 122"
127
121¢

493.01°
486

Vg b, 584.21°
572
585¢

718.08°
717
717¢

Vs a 1041.99°

1035'

Vg bz 11 13.87C
1108
1113.5¢
1373.61°
1351
1230¢
3001.9407(4)°
3002.00°
2967

3072.906(3)"

3073.01°
3049'
3074°

122.802

V3 ap 515.672

634.548

v7 by 808.653

1077.289

1160.892

A7) a 1453.997

3133.216

V1 al

Ve by 3196.503

#This work.

®Liquid IR, Ref. 17.

Liquid IR, Ref. 32.

9Liquid IR, Ref. 20.

Reference 17.

fReference 21, v3 and v, have been relabeled to remain consistent with other literature.
BReference 18.

Boltzmann population distribution, based on a rotational tempera-
ture of 300 K, and the calculated line strengths, S. The supplementary
material (Sec. B) shows the breakdown of the individual simulated
spectra for each 6' 4", transition, where n < 5. It is unfortunately
not possible to determine the vibrational band origins for v4 since
we do not change the vibrational quantum number for v4 in the
observed 6'94", transitions. A further discussion of this is found in
the supplementary material (Sec. E).

The residual plot shown in Fig. 2 (green line) indicated that
there is good agreement between the overall fit of the simulated spec-
trum to the experimental spectrum, but currently shows a mismatch
in the observed relative intensities, especially in the "Q,(J) branch.
The " Qxka(J) branch over the 3060 to 3070 cm ™" range was recorded
several times over several weeks, but did not show significant differ-
ences in the peak relative intensities. It is unclear what the reasoning
could be for the difference in peak intensity patterns here and why
the simulation does not capture this intensity pattern. It is noted that
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+ v,
brackets for each constant. All values are given in cm~". Rotational constants for the v4 (v < 5) bands are taken from Ref. 15.

4 (V< 5)and vy (v=1) + v (v < 4). The standard deviation error is given in

ve (v=1)+vs(v=1)

ve (V=1)+vq4 (v=2)

Ve (V=1)+vy4 (v=3)

Ve (V=1)+vs (v=4)

Ve (V=1)+vs (v=5)

Origin 3194.0936(9) 3315.291(1) 3436.489(1) 3557.691(1) 3678.876(1)

A 0.737785(7) 0.740 639(8) 0.743 45(1) 0.746 34(1) 0.749 40(2)

B 0.020 448 5(1) 0.0204404(1) 0.0204333(1) 0.0204251(1) 0.020416 8(1)

I 0.000 495 1(5) 0.000 495 0(7) 0.000 495 0(9) 0.000495(2) 0.000 494 0(7)

Dk x 1073 1.216(2) 1.219(2) 1.222(2) 1.226(4) 1.224(9)

Dy x 1077 -2.158(9) -2.19(1) -2.225(9) -2.29(1) -2.33(2)

Dy x 107° 2.241(2) 2.23(1) 2.18(2) 2.17(2) 2.13(2)
viv=1)+vs(v=1) vi(v=1)+v4(v=2) vi(v=1)+v4(v=3) vi(v=1)+vs(v=4) vi(v=1)+vs(v=5)

Origin 3123.0288(8) 3244.1060(7) 3365.185(2) 3486.246(1)

A 0.736 356(8) 0.739179(6) 0.742023(2) 0.744904(1)

B 0.020 445 8(1) 0.020 438 34(9) 0.020 430 8(3) 0.020424 1(1)

5 0.000 049 0(2) 0.000 50(1) 0.00051(1) 0.00052(1)

Dk x 107 1.201(3) 1.2251(2) 1.2663(8) 1.299(6)

Dk x 1077 -2.22(1) -2.19(1) -2.18(3) -2.17(2)

Dj x 107° 2.28(2) 2.25(2) 2.23(4) 2.21(2)

for both 6'g and 1% (discussed below), the residual plots show larger
disagreement with the "Qg,(J) branch than the ®*Q, (J) branch. The
shape of the residuals indicates that it is not a result of peak position
or width mismatch, but instead primarily peak intensity. This points
to a possible perturbation that is not recovered in the PGOPHER
simulation. The experimentally determined rotational constants for
the 6'94", transitions are included in Table IT1.

B. Fitting results of the v; band

For the v, vibrational band, the discernible peaks span 2967 to
3032 cm™, with the band origin at 3001.912 cm ™. Again, assuming
a conservative minimum detectable absorption of 3¢ above the base-
line noise (¢ = 2.4 x 10™*), ~100 peaks in this band are detectable.
These transitions are evenly spaced across PRQka(]) branches that
are spaced by ~2(A — B). For b-type transitions, as shown here, the
rotational selection rules are A] = 0, +1, AK, = +1, and AK. = +1.

To assign the fundamental transitions of the v; band, we use the
same fitting procedure in PGOPHER as that used for vs (described
above). The rotational constants and distortion constants are shown
in Table I. In addition, Fig. 3 shows the overall simulation spectrum
compared to the experimental spectrum, with the residual plot at the
bottom of Fig. 3 showing good agreement between the experiment
and simulation. There is a less intensity mismatch for this simula-
tion, suggesting that the overall simulation has captured most of the
possible transitions. Once again, due to pressure broadening, each
peak is a combination of many transitions, each with a different J
and K., but with the same K, transition.

Just like for the v¢ band, the v; band exhibits additional transi-
tions in each stack of peaks. Once again, these progressions can be
attributed to hot bands of 1'g 4™, (where n < 4) due to v4 (v > 0)
population at room temperature. However, for the lower frequency
vi band, only transitions up to v = 4 are consistently detectable
for the excited v4 (v > 0) states, and these excited transitions
converge into one peak at lower K, values unlike in the v¢ band

[as seen in Fig. 3(a)]. The experimentally determined rotational con-
stants for these 1'¢ 4", transitions are included in Table IT1. As with
the v¢ band, we can again determine the vibrational anharmonicity
and cross-anharmonicity constants (x11 and x14) using the available
information and ground state differences. Using the information in
Tables I and 111, x;; was determined to be —0.009(4) cm™! and x4
was determined to be 0.049(2) cm™'. The x1 anharmonicity con-
stant being close to zero, compared to X¢ being more negative, is
expected for symmetric vs antisymmetric stretching vibrations.

For both vg and v; (across all included hot band transitions),
there is a difference in the degree of uncertainty for some of the
experimentally determined rotational constants. For example, the
origins for v¢ (v = 1) and v; (v = 1) differ in uncertainty by a fac-
tor of 10, with the v; constant being the more accurate value, which
is why it is reported with more significant figures. This is mainly due
to how the PGOPHER line-fitting procedure calculates the uncer-
tainties given in Tables I and III. When undergoing the line-fitting
procedure, the uncertainty in a constant is the calculated standard
deviation based on the quality of the fit, and this will necessarily be
impacted by the number of transitions included in the fitting proce-
dure. In addition, as more peaks are incorporated into the fit from
higher K, transitions in the vs band compared to the v; band, higher
level distortion constants need to be included in the simulation to
ensure that these peaks match the experimental spectrum, and not
including these constants (as is the case here) means the quality of
the fit for the origin constant, and other rotational constants, will
have a higher uncertainty.

C. Pressure broadening

The expected Doppler broadening for the observed transi-
tions at room temperature is ~0.0023 cm™'. The instrument line
shape function is a Lorentzian with a full-width-at-half-maximum
of 0.0142 cm™ (see the supplementary material, Sec. A, for instru-
ment line shape function discussion). When using the instrument
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FIG. 3. (a) Comparison of the experimental spectrum (black) and the overall simu-
lation (red), as determined in PGOPHER, for the v4 band from 2985 to 3018 cm=".
The overall simulation is the combination of different simulated transitions: funda-
mental 1"y band and the 1"y 4", hot bands, where n < 4. The y-axis shows relative
absorbance between the experimental and simulation spectra, where the simula-
tion has been scaled up to match the experimental. The green line is the residual
plot of the experimental minus the overall simulation. (b) Zoomed-in portion of the
three spectra, from 2993.4 to 2997.5 cm~", showing four different K, transitions in
the PQ branch.

broadening as the Lorentzian contribution to the linewidth in
PGOPHER alongside the expected Doppler broadening as the
Gaussian contribution to the linewidth, the experimental spec-
trum shows additional broadening not captured by the PGOPHER
simulation. The remainder of the linewidth is most likely due to
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65-67

pressure broadening. This hypothesis is further confirmed by
a comparison of the spectrum in this work to that in HITRAN,
reported at atmospheric pressure and temperature.l’k‘l2 As previ-
ously mentioned, the spectra observed under atmospheric pressure
show broad, asymmetric peaks, whereas we observe peak pro-
gressions. A comparison is shown in the supplementary material,
Fig. C1.

For the pressure broadening studies performed here, the spec-
tra were collected over the 3052-3070 cm™" window, within the
vs band, for two different bath gases. From this window, the con-
tour fitting procedure within the PGOPHER program was used to
fit an overall Lorentzian broadening parameter (as a full-width-
at-half-maximum, FWHM) between 3056.5 to 3069 cm™!, which
incorporated 51 peaks across nine different K, transitions within
the v¢ band. The total Lorentzian broadening parameter includes
a contribution from the instrument line shape function, so this is
removed prior to the analysis of the pressure broadening contri-
bution. The remaining FWHM is then converted to a half-width-
at-half-maximum (HWHM) for the analysis described below. This
spectral region was chosen as it has some of the highest intensity
peaks and well-defined 6'p4", transitions. For each bath gas, the
contribution to the overall Lorentzian broadening can be split into
two components,

rhraudening :pl X bself +P2 X bX) (1)

where by is the self-broadening parameter for CH,I,, bx is the
broadening parameter for each broadening gas (X = N; or Ar), and
p1 and p; are the partial pressures of the respective gases. Attempts
were made to separate pressure broadening coefficients as a func-
tion of 6'94", vibrational transition and as a function of K,, but
because of the congested spectrum, quantitative results were difficult
to obtain for all datasets present, particularly those at higher pres-
sures (>50 mbar). At reduced pressures (<50 mbar), it was found
that differences in the pressure broadening coefficients as a function
of 6'94", vibrational transition and as a function of K, were within
the uncertainty of the fit.

The concentration of CH,I, unfortunately slightly varies for
each total pressure due to experimental conditions. However, as
we did not systematically vary the CH,I, concentration, s was
not determined in this work, but rather the contribution of self-
broadening to the overall pressure broadening at a specific CHzI,
partial pressure. Since the CH,I, concentration changes between
0.003 and 0.05 mbar for both N, and Ar (keeping an average of
0.01% CHzI, in the gas mix), this variance must be removed from
each overall Lorentzian broadening parameter in order to accurately
determine the broadening coefficient for each bath gas (bx) without
the influence of changing self-broadening parameters. This process
required fitting a line to an initial plot of I'yroadening VS N2 or Ar par-
tial pressure (from 20 to 1000 mbar), where the intercept from the
fit (for each gas) represents the average self-broadening parameter.
This average self-broadening value is used to correct for differences
of CH,I, concentrations from the average CH,I, concentration.
The self-broadening contribution is then removed from the over-
all Lorentzian half-width-at-half-maximum, Fboademng.“‘*\ This new
Lorentzian value can be re-plotted against the partial pressure of N,
or Ar, and a line fit of this plot will give a slope corresponding to
the broadening coefficient of either N, or Ar. The final results can
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0.204 bands, calculations were performed to determine anharmonic fre-

B quencies and rotational constants. There are not many basis sets
that can be used for molecules involving iodine, so two suitable

0.15 4 basis sets were chosen for the anharmonic calculations of the tran-
sition frequencies and the rotational constants: Def2QZVPP® and
MIDIX.”’ Several levels of theory that have been shown to work with
iodine-containing molecules were also used (see the supplementary
material, Sec. D) and generally agreed with the overall shape of
the experiment spectrum. However, the wB97X/Def2QZVPP results
agreed the best with the experimental spectrum (Fig. 5), so the level
of theory is used in this discussion. A semi-empirical method was
used to simulate the spectra based on the computational results
in PGOPHER, which involved determining the difference between
the calculated upper and lower state rotational constants for the
: : : : : appropriate vibrational levels (A;) and then applying that A; value
0 200 400 600 800 1000 to the experimental rotational constants determined via microwave
Partial Pressure (mbar) spectroscopy.’” .This.methodology was recerlltly u.sed for th analysis
of the CH,Br; vibrational spectrum.*’ The vibrational origins for the

0.10 4

-1
1—‘Broadening (Cm )

0.05

FIG. 4. Blue squares are the N, data with the corresponding blue linear line fit and

95% confidence limits, and the argon data are in red triangles, with its correspond-

ing red linear line fit and 95% confidence limits. The reference data available from (a)
HITRAN have been included (green circle).

TABLE IV. Pressure broadening coefficients of CH,l, by N, and Ar.

Collision partner b(cm™' atm™)
Ar 0.116 (6) !
N, 0.143 (6) N

be seen in Fig. 4. Note that correcting for differences in CH,I, con- . ‘ M

centrations (and, thus, self-broadening contributions) did not make

a significant difference to the final corrected results, which were still 3055 3060 3065 3070 Lo 3080 3085
within the error of the initial uncorrected analysis, likely because the Wavenumber (cm™)

fraction of CH,I; in the mix (0.01%) was significantly smaller than ®) g KeleKa 8 7 6

the bath gas. | | | | | | | | | |

The first bath gas chosen was N, at a range of pressures from
25 to 1000 mbar. After correcting for differences in the CHyI,
concentration, the I'yroadening parameter ranged from 0.003 cm™!
at 26.3 mbar to 0.18 cm™' at 1000 mbar. To determine the N,
broadening contribution, the data were fitted to a line (Fig. 4)

with a slope representing the N, broadening coefficient of 1.41(6)
x 107 em™ mbar™! or 0.143(6) cm™' atm™! (Table 1V). The

&

(-

second bath gas chosen was argon at a range of pressures from
24 to 980 mbar. After the correction of the CH,1, concentration,
the Tbroadening parameter ranged from 0.003 cm™! at 24.0 mbar to

F

0.11 cm™' at 980 mbar. To determine the Ar broadening contribu- ; ; : . . ! ;
tion, the data were fitted to a line (Fig. 4) with a slope represent- 3060 3061 3062 3063 3064 3065 3066
ing the Ar broadening coefficient of 1.14(6) x 10™* cm™ mbar™ Wavenumber (cm™)

or 0.116(6) ecm™' atm™ (Table IV). Discussion of the pressure
broadening results is shown in Sec. I'V C.

FIG. 5. Comparison of the experimental spectrum (black), the line-fitted sim-
ulation (red), and the semi-empirical simulation based on the results of the
X . wB97X/Def2QZVPP calculations (blue). (a) Sub-section of all three spectra, from
D. Anharmonic calculations 3055 to 3085 cm~", covering the 6" band (including the 69 4", transitions where
n < 5). (b) Zoomed-in portion of the three spectra, from 3059.1 to 3066.1 cm~',

In order to confirm the observed experimental spectrum and e el e R R (e

our hypothesis for the observed progressions being due to hot
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TABLE V. Comparison of the calculated and experimentally determined anharmonic frequencies and rotational constants for CH,l, for the vibrational ground state (v = 0),
vg (V.= 1), va (v=1), and the first hot band vg (v = 1) + v4 (v = 1). All values are given in cm™", and error bars for experimental values are given above in Table .

Ground state (v = 0) ve (v=1) Ai/107° vy (v=1) ve (Vv=1)+vys(v=1) Aj/IO_6
v 0 3196.503 122.8 3319.6460
A 0.756 904 0.754 001 -46.3 0.758 381 0.758 335 -46.0
wB97X/Def2QZVPP B 0.020 722 0.020723 09 0.020 741 0.020 742 1.0
C 0.020 248 0.020 250 1.2 0.020 265 0.020 266 1.0
v 0 3072.906 s 121.0 3194.0936 s
Experimental A 0.734 994" 0.735500 9.8 0.737 856" 0.737 784 -70.1
P B 0.020 700" 0.207014 1.3 0.020 694" 0.020 696 2.5
C 0.020206" 0.020208 1.5 0.020 198" 0.020201 2.5

*Constants from Ref. 15.

semi-empirical spectra were also changed to best match the experi-
mental data. See Table V for the calculated rotational constants and
A; values. Further calculated rotational constants for v¢ (v=1) + vy
(v < 5) can be found in the supplementary material, Sec. D. For all
simulations, the only constants that were changed between the lower
and upper states were the A, B, and C rotational constants; all higher
order constants included in the simulations were held constant, as
determined from the microwave data. Further results for both v;
and ve bands, including hot band transitions, can also be found in
the supplementary material, Sec. D. Vibrational information from
calculations is collated in Table D4 of the supplementary material.

IV. DISCUSSION
A. Additional peaks

As visible in Figs. 2 and 3, there are some low intensity peaks
between progressions that the simulations, for both the vs and v;
bands, have not incorporated. This is particularly visible in Fig. 3(b),
where there are multiple peaks near 2993.3, 2994.5, and 2996.0 cm™".
There are a few options as to why these small peaks have not been
captured by the simulation. First, the peaks could be from some-
thing other than CH, L, or from CH,I, dimers. We confirmed that
the presence of these peaks is dependent on CH,I, being present.
CH,I, dimers have been calculated to be stable by ~4 kcal mol™
(1400 cm™"), so it is possible that these dimers exist in our sample.*’
Using the region from 3050 to 3070 cm™, we investigated the
appearance of the spectra as a function of CH,I, concentration, total
pressure, and bath gas identity. Keeping the concentration of CHzI,
constant, relative intensities of these small peaks compared to the
peaks captured by the simulation are independent of pressure over
the range of 20 mbar-200 mbar and independent of the bath gas (Ar
or N3). Using just the Ar spectra, increasing the relative amount of
CH:1; in the sample from 0.1% to 10% (while keeping the same total
pressure) did not change the relative intensities of the small peaks
compared to the peaks captured by the simulation. These tests indi-
cate that it is highly unlikely that CH>I, dimers are responsible for
these peaks, especially since any dimers formed would be in such low
abundance compared to the monomers in the gaseous sample.

Given that the peaks are dependent on CH,I, and are unlikely
to be due to dimers, they are, therefore, most probably caused by
overtones, combination bands, or other hot band transitions as

already seen with the v4 bands. There are no straightforward com-
binations of other vibrational normal modes as either combination
bands or overtones that result in peaks in this spectral region. As the
current simulations show there is population in up to the v4 (v = 5)
state, which has a transition frequency of ~605 cm™, other vibra-
tional modes of CHI, can have population in excited vibrational
states, specifically the v3 (v = 1) state at 493.01 cm ' and the vo (v=1)
state at 584.21 cm~1.!° However, the lack of microwave or infrared
data for these states means the ability to simulate these peaks would
come with a large degree of uncertainty, especially given the small
peak intensity and the congested nature of the spectrum. Perform-
ing further anharmonic calculations, using the wB97X/Def2QZVPP
method and basis set, we calculated the rotational constants of the
v3 (v =1) and vo (v = 1) states and the corresponding hot band with
ve and vi. Although further simulations proved that the 6'93', and
6'99') transitions would be possible if there was initial population
in v3 (v =1) and vo (v = 1), the uncertainty within the calculations
precludes robust peak assignment and meaningful spectral fitting.

B. Determining systemic uncertainty

Due to the low vapor pressure of CH,I», we heated the sample
to increase the vapor pressure and ensure a larger concentration of
CHzI, in the flow cell. However, there are several sources of sys-
tematic error with this method. First, a water bath (313 K) was
used to heat the sample container, which is a Teflon-lined stain-
less steel container. Because Teflon is not an effective thermal
conductor, the water bath temperature is not an accurate reflec-
tion of the temperature of the CH,I, liquid sample. Second, the
distance between the sample cup and the flow cell is ~2 m of
Teflon tubing, so there is a high probability of sample loss to walls.
Assuming no sample sticks to the tubing and we know the tem-
perature of the liquid sample, the concentration of CHI, in the
cell would be (2.29 + 0.05) x 10'® molecule cm™, and we could
report our spectrum as absorption cross section as a function of
wavenumber. However, a comparison to the reported absorption
cross section spectrum available in HITRAN'” shows a factor of
~3.7 difference between the integrated absorption cross section over
2965.1-3025.0 cm™': 1.81 x 107% c¢m? molecule™ for our work
and 6.74 x 1072° ¢cm? molecule™ for the reference spectrum. In
addition, from 2936.3 to 3125.4 cm™ (the full spectrum), the fac-
tor is increased to 4.5, with our work giving a total integrated
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absorption cross section of 1.08 x 107 ¢m? molecule™ and
4.87 x 107" cm?® molecule™. This difference in these two factors
can be attributed to a combination of water impurity peaks across
the whole experimental spectrum (see the red asterisks in Fig. 1, for
example), some negative absorption values that occur in the base-
line of our spectrum, and uncertainty in possible water contents of
the reference spectrum.

For the reference data,'” care was taken to develop a deliv-
ery method that ensured little to no sample was lost between a
syringe pump and the white cell used in the measurement.”! This
method involved heating the connecting parts, using a dissemina-
tor head, and demonstrated a less than 1% difference between the
calculated and measured concentrations for 2-propanol. Therefore,
the reported absorption cross section for the reference data can be
considered highly accurate. Since the interaction path length in our
Herriott cell is known to a high level of uncertainty, determined
through analysis of a known methane sample, the difference here
is most likely due to uncertainty in the concentration of CHzI,
in the flow cell. If we use the average of the two factors reported
above (3.7 and 4.5) between the reported numerical integrated area
and the numerical integrated area of our spectrum, and corrected
our experimental CH,I, concentration, the CH,I, concentration
in our absorption cell would have a lower limit of (6.8 + 1.3)
x 10'> molecule cm™. The uncertainty in temperature of the liquid
sample alone does not account for this close to fourfold differ-
ence, so a combination of both wall-loss and temperature are likely
the contributing factors to this discrepancy. Thus, the right y-axis
(absorption cross section in cm® molecule™) for the data reported
in Fig. 1 has been corrected for the systematic over-prediction of the
CH,L, concentration, with the error determined from the error in
the concentration and the error in the cell path length. Future stud-
ies implement an improved delivery method to avoid this systematic
uncertainty moving forward.

C. Comparison of pressure broadening studies

First, we can make comparisons in the broadening coefficients
between N (bnz) = 0.143(6) cm ™' atm™" and argon (ba,) = 0.116(6)
cm™ atm™. These are of similar magnitude but different in value
and are just outside the margins of error to be considered the
same value. Out of the two coefficients, ba, is the smaller value,
meaning that collisions with nitrogen result in ~1.25 times broader
CH,I, transitions, which will impact atmospheric observations of
CH,I, vibrational spectra. However, a comparison of the by, coef-
ficient with similar molecules shows our work to perhaps be higher
than expected. While there are a lack of pressure broadening stud-
ies for CH,Cl, and CH,Br,, CH,F, has an abundance of studies
where most recently, the J-dependent b, parameter was shown to
range from 0.061 to 0.125 cm™" atm™, with an average value of
0.087 cm ! atm™1.%® In addition, there have been a plethora of stud-
ies on CH3X molecules, where X = F, Cl, Br, or I, which all reported
bz coefficients close to 0.105(3) cm™! atm™". Using an average and
standard deviation from a range of reported data, the N, broaden-
ing coefficients are CH3F 0.101(10) cm ™! atm™,”2 CH3Cl 0.108(12)
cm ™! atm™,”® CH3Br 0.103(11) cm ™! atm™',7* and CHsI 0.107(14)
ecm™ atm™'.7° We should note that these are averages over the
J-dependent values of the N, broadening coefficient. In the case of
CH3I, the J-dependent by values ranged from 0.072(2) cm ! atm™!
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to 0.148(4) cm™! atm™. While our value at 0.143(6) cm™! atm™

is higher than the average by, coefficients, it is within the upper
range of the J-dependent broadening coefficient for CH3I. Unfor-
tunately, there is even less information surrounding Ar broadening
coefficients; however, one study’® reported ba, values for CH3F (as a
function of J) ranging from 0.050(3) cm™! atm™! to 0.080(5) cm™!
atm™!, which is significantly less than the reported by, as stated
above. Assuming CH,I, follows the same trend, our b, being a
lower value than byy can be assumed to be correct. However, if
we were over-predicting the N, broadening contribution, we could
be underpredicting the contribution from another factor, namely,
the CH, I, self-broadening coefficient or the instrument line shape
function. If the instrument line shape function or self-broadening
coefficient were underpredicted, then our ba, measurement would
also be over-predicted.

We can also make comparisons in the overall Lorentzian broad-
ening parameters for this work and the reference spectrum as this
study uses N as the bath gas at atmospheric pressure (1013 mbar).
Determined through the same contour fitting method used for this
work, the T'broadening for the reference data is found to be 0.158 em™L
Extrapolating the linear fit to our broadening coefficient as a func-
tion of pressure, we calculate a I'yroadening Value of 0.14 + 0.01 cm™!at
the same pressure (1013 mbar). However, the I'yroadening Value for the
reference data still includes the instrument line shape function (not
reported) and does not account for the difference in CH,I, concen-
trations between samples, which could account for the differences
seen here.

D. Comparison of anharmonic calculations

To refrain from repetitive analysis, this section will focus on
the comparison between the wB97X/Def2QZVPP calculations and
the experimental spectrum, specifically for the 6y transition. This
calculation was chosen for comparative analysis as it is most sim-
ilar to the spectrum presented in this work, although other levels
of theory were also consistent with our interpretation of the experi-
mental spectrum (see the supplementary material, Sec. D). Looking
initially at Table V, it is obvious that the calculated rotational con-
stants for the ground state (v = 0) and ve (v = 1) are different from
the microwave determined ground state constants and the experi-
mentally determined v (v = 1) constants. However, the difference
between the ground state and the first excited state is a better com-
parison, with the B and C rotational constants having very similar
A; values, but the A constant has a large difference, 9.8 x 107 for
this work and -46.3 x 107° for the wB97X/Def2QZVPP calcula-
tion. On inspection of the simulations (Fig. 5), this difference in
the Ax between this work and the calculation does not make a large
visible difference. The general shape of each peak is well matched,
with the only discernible difference being the peak locations, which
is due to the difference in the A values. In addition, the relative
intensity pattern of the peaks differs between the experimental spec-
trum, the line-fitted simulation, and the semi-empirical simulation.
A further comparison between the calculated integrated intensities
(km mol™) for v¢ and v; show a band strength ratio of 1:0.39 for
ve:v1, which agrees fairly well with the experimental ratio of 1:0.23,
despite the calculation not including contributions from the 1'94",
and 6'94", transitions for n > 0.

Alongside performing calculations for the 6'¢ band, we also cal-
culated rotational constants for the 6' 4", transition, where n < 5.
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The Aj values for the first hot band (where n = 1) are almost half
the value compared to the fitted experimental data. However, once
again, this difference in A; does not massively impact the overall
semi-empirical simulation, and we do observe transitions associated
with the 6'¢ 4", hot band, which further validates the experimentally
observed rotational constants and confirms that the hot band anal-
ysis presented here is a reasonable hypothesis for the observed peak
progressions.

E. Comparison with other CH,X, compounds

With the addition of the v4 hot bands to the CH,I, spectrum,
it is reasonable to assume that other CH,X, (where X = F, Cl, or
Br) may exhibit the same phenomenon at room temperature. The
4", transition frequencies for each dihalomethane are CH,F, v
=528 cm™,** CH,Cl, v4 = 281.5 cm ™, CH,Br, vq = 169 cm ™,
and CH,I, v4 = 121 cm ™. It is expected that CH,Br; would exhibit
the same hot bands, but CH,Cl, and CH,F, would display little
to none of these transitions under room temperature conditions.
Focusing on CH,Br,, we can compare the population ratios for
CH,I, and CH;Br; at room temperature for v < 4, assuming a Boltz-
mann distribution of the population. Fixing the fundamental transi-
tion to a value of 1, all the subsequent ratios are relative to this value:
CH,I,, 1:0.56:0.32:0.18:0.10, and CH;Br», 1:0.43:0.18:0.08:0.03. As
these ratios are not so different from each other, it is highly
probable that for CH,Br,, up to v = 3 for the hot band should
be visible in a high-resolution, room temperature spectrum for
both v; and vs. However, despite the population ratios predicting
hot bands for CH;Br;, the experimental high-resolution spectrum
and corresponding simulation”’ do not take these transitions into
account. The explanation for the additional peaks were attributed
to the three isotopologs of CH,Br, (CH,”Br”’Br, CH,”’Br®! Br, and
CH,* Br®' Br). While this assumption is reasonable, the experimen-
tal frequencies and rotational constants are far from the calculated
values, and the relative intensities of the progressions do not match
the isotopic abundance ratios of the molecules. Current collabora-
tive work is ongoing to take any hot band transitions into account in
the interpretation of the CH,Br; spectrum.

Despite this lack of hot band structure for CH,Cl, and CHF,,
their mid-IR vibrational spectra show other interacting vibrational
transitions that do not appear in the corresponding spectra for
CH,Br, and CH,L. For example, CH>F, shows medium inten-
sity overtone bands, 2v, centered at 3026.23 cm™), and 2vg at
2838.64 cm™’, alongside v; at 2947.9 cm™" and ve at 3014.45 cm™",
CH,Cl, exhibits two overtone bands, 2v, and 2vs, at 2853.66 cm™"
and 2526.58 cm™" respectively, which are both somewhat nearby
v1 at 2997.33 cm™! and vg at 3055 cm™'.%0 As these transitions are
close in energy, it is expected that Fermi resonances, Coriolis cou-
pling, and/or Darling-Dennison resonances will affect the observed
rovibrational spectra. For CH,F,, experiments have demonstrated
an a-axis Coriolis interaction between the 2v, and vg bands,’® and
for CH,Cl,, literature has reported Fermi resonances between v;
and 2vg bands, and v; and 2v, bands alongside Darling-Dennison
resonances between 2v; and 2vg, and 2v, and 2vs.*’

The same transitions for CH,I, are much lower in wavenum-
ber than v; and ve, with 2v, predicted near 2747 cm™" (not seen
in the literature or in attempts with our experimental apparatus,
potentially a very weak transition) and 2vg at 2222.42 cm™".'” As the
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overtone bands of v, and vg are at a much lower frequency than the
other three transitions, we do not expect any coupling or resonances
with this band from either vy, vs, or 2v,. Furthermore, the lack of
evidence for 2v; in the gas phase suggests there would be little to no
coupling or resonances to enhance the intensity of this band.

VI. CONCLUSION

Using direct frequency comb spectroscopy, we have presented
the high-resolution, rotationally resolved vibrational spectrum of
CH,I, 2960-3125 cm™!. Under the lower pressure (11 mbar) con-
ditions in the current work, an abundance of peaks are observed
over this wavenumber range. The experimental spectrum incorpo-
rates both the vi and vg vibrational bands of CH;I», and we have
reported the v = 1 rotational constants for both the bands. In addi-
tion, we have shown that initial population in the v4 ICI bending
mode was the cause for the progressions observed in each spectrum.
These hot band transitions have been simulated, and rotational con-
stants have been determined for both the bands, for 6y 4™, (n<5)
and 14 4%, (n < 4). The next step for this work is to a record a low
temperature (<10 K) rovibrational spectrum of CH,I,, which would
help confirm our hot band analysis and allow for more accurate rota-
tional constants. This work is currently under way using molecular
beam apparatus. We also report pressure broadening coefficients for
CH,I, with Ar and Ny, which are somewhat higher than expected.
However, we are able to extrapolate our broadening coefficient find-
ings to the atmospheric pressure spectrum previously reported. The
detailed analysis of this lower pressure spectrum could be useful for
atmospheric detection of CH,I, by infrared spectroscopy when sam-
pling air into low pressure absorption cells. There is almost an order
of magnitude intensity increase in the observed peaks in the low
pressure spectrum compared to an atmospheric pressure spectrum,
simply due to narrowing spectroscopic transitions by reducing pres-
sure broadening, which impacts the sensitivity with which CHxI,
could be monitored using infrared spectroscopy.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
the instrument line shape function, a breakdown of the full rovibra-
tional simulation, a comparison to the HITRAN reference spectrum,
further information on the computational results, and a discussion
of the 4" band origins.
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