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Abstract

Gas sensing for halogenated hydrocarbons is demonstrated using rotational absorption spectroscopy in the 220-330 GHz
frequency range, carried out with a compact and robust broadband microelectronics-based THz-wave spectrometer. Moni-
toring of halogenated hydrocarbons is necessary in industrial situations where these chemicals present a danger to human
health and the environment, due to their toxicity, volatility, and reactivity. The absorption spectra for pure chloromethane,
dichloromethane, chloroform, iodomethane, and dibromomethane were characterized at 297 K and pressures from 0.25 to
16 Torr. The spectra show the unique rotational fingerprints for the target halogenated hydrocarbons in the 220-330 GHz
frequency range and demonstrate the potential for their selective quantitative detection in gas sensing applications with
minimum detection for pure gases of order 10'°-10'* molecules/cm? and for dilute gases of order 10-100 ppm at 1 atm for
a 1 m pathlength. The study further demonstrates the potential of all-electronic miniaturized THz-wave gas sensors.

1 Introduction

The detection and identification of gas-phase halogenated
hydrocarbons is of interest in industrial monitoring, pro-
cess control and optimization, and environmental remote
sensing applications. Polar molecules, such as halogenated
hydrocarbons, have unique rotational spectra which offer
opportunity for the development of non-intrusive gas sens-
ing technologies using absorption spectroscopy in the THz
wave frequency range (0.1-10 THz) [1-7].

Absorption spectroscopy and gas sensing using THz
frequency electromagnetic waves is mostly impervious to
scattering by airborne particles because THz wavelengths
(~ 1 mm in the current study) are large compared to the typi-
cal sizes of airborne particles (0.01-100 pm). In view of
industrial gas sensing in the field, this is an advantage of
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THz waves in comparison with shorter wavelengths bands of
the electromagnetic spectrum (e.g., infrared, near-infrared)
where scattering of electromagnetic waves by airborne par-
ticles is intrinsically stronger.

Interference of THz wave absorption measurements by
atmospheric water vapor is reduced compared to infrared
absorption measurement because water vapor absorption
lines are sparse in the THz frequency band, compared to the
infrared frequency band, particularly below 1 THz. In the
current frequency band of interest, water vapor has only one
distinct and weak transition.

These advantages of THz wave absorption spectroscopy,
together with recent progress in microelectronic THz wave
sources and detectors, make possible the development of low
power, miniaturized, robust gas sensor systems for industrial
and environmental remote sensing of halogenated hydrocar-
bons by exploiting the unique rotational spectral features of
these molecules in the THz frequency band. THz wave gas
sensing technologies have been demonstrated in trace gas
detection in human breath [8, 9], cigarette smoke [10], vola-
tile organic compounds (VOCs) [7], and other applications
[11]. However, prior development of THz wave absorption
sensors based on microelectronics technologies for halogen-
ated hydrocarbons are limited.

Sensitive gas sensor systems for halogenated hydrocar-
bons are important because these industrial chemicals pose
a severe risk to humans, due to their toxicity and volatility,
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and are well-known to deplete stratospheric ozone, even at
extremely low concentrations due to their catalytic prop-
erties [12, 13]. Chlorinated hydrocarbons are particularly
important in stratospheric ozone destruction, with chlo-
romethane (CH;Cl), the simplest chlorinated hydrocarbon,
present at only 600 ppt in the atmosphere but, yet, hav-
ing contributed to as much as 15-16% of the depletion
of the ozone layer [13—15]. Atmospheric chloromethane
originates from both natural and anthropogenic sources,
including the biosynthesis of fungi, algae, and other plant
organisms, forest fires, coal combustion, and combustion
of vegetation and biomass [16-20]. Over the past 20 years,
although anthropogenic emissions of chloromethane have
subsided, chloromethane is still used as a solvent in the
production of rubbers, polymers, polyurethane foams, sur-
factants, pesticides, pharmaceuticals and can be released
to the atmosphere in these processes [21].

Dichloromethane (CH,Cl,), an unregulated industrial
solvent that is considered a short-lived compound in the
atmosphere (residence time of less than 6 months), is
increasing in atmospheric concentration rapidly due to
increased anthropogenic emissions from its use in the
foam cleaning of metals of other materials [22—-24] and
from natural processes such as biomass fires [25]. Chlo-
roform (CHCL,) is a colorless, sweet-smelling hazardous
chlorinated hydrocarbon with a well-known profound
effect on the human nervous system, inducing dizziness
at small exposures and leading to organ damage at high
exposures [26]. Chloroform has been historically used as
an anesthetic and a refrigerant. While its use for these
purposes has greatly declined, chloroform is still produced
in large quantities as a precursor to polytetrafluoroethyl-
ene (PTFE), for producing dyes and pesticides, and as a
solvent in the pharmaceutical industry [27].

Iodinated and brominated hydrocarbons, industrial
chemicals, also play a role in the deletion of stratospheric
ozone, including iodomethane (methyl iodide, CH;I) [28,
29]. Due to its uses as a fumigant and pesticide, iodometh-
ane, carcinogenic and toxic, can leach into groundwater
and contaminate soil [30]. Finally, a great portion of the
Antarctic ozone depletion from the late 1980s to the 2000s
has been attributed to stratospheric bromine [31, 32], for
which dibromomethane (CH,Br,), an industrial solvent
and reactant in organic synthesis processes [33], is a key
source [34].

The present study reports on the potential for the gas
sensing of halogenated hydrocarbons in the 220-330 GHz
frequency range using absorption spectroscopy and radia-
tion generation and detection via microelectronic sources.
The study presents an extension of our previous work on gas
sensing for oxygenated hydrocarbon VOCs [7]. We specifi-
cally focus on the detection of six halogenated hydrocarbons
that are important in industrial and environmental processes:
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chloromethane, dichloromethane, chloroform, iodomethane,
diiodomethane, and dibromomethane.

2 Experimental setup and methodology

Absorption spectra in the 220-330 GHz frequency range
were measured using the hardware and methods developed
in Rice et al. [7], where the experiment is comprised of an
amplitude-modulated microelectronics source, based on fre-
quency multiplication of RF input, gas cell, and Schottky
diode detector. The spectral absorption of gas samples was
measured using the Beer—Lambert law:

A=¢ecl= —ln<i>,
Iy

where A is the absorbance, € the absorption coefficient, ¢ the
concentration of the absorbing gas, / the pathlength, I the
transmitted intensity of the radiation after absorption, and
I, the reference intensity (no absorption). The gas cell path-
length, [, for the experiments conducted here was 0.22 m.
However, for the estimation of detection limits (results
section), a standard pathlength of 1.0 m was used, where
detection limits are inversely proportional to pathlength and
can be adjusted for any desired pathlength. The absorption
coefficient varies with frequency, temperature, pressure, and
gas mixture composition, through the contribution of the
line intensities and shapes for each transition. To measure
an absorption spectrum, we first record the reference inten-
sity by sweeping the radiation source in frequency space
while the gas cell is under vacuum. Next, the cell is filled
with the gas of interest to a desired pressure, the radiation
source is swept again in frequency, the transmitted intensity
is recorded, and the Beer—Lambert law is used to convert
the measured intensities to absorbance. In both cases, the
intensity signals are demodulated DC signals from the lock-
in amplifier. The final absorbance signal processed with a
low-pass filter with a cutoff frequency of 300 Hz to increase
the signal-to-noise. The resulting absorption spectrum has
a noise floor of +0.001 to+0.003 in absorbance and a fre-
quency resolution of 15 MHz. Signals from an example
experiment are shown in Fig. 1.

3 Results and discussion

Measurements of spectral absorbance have been made in
the 220-330 GHz frequency range for five pure halogenated
hydrocarbons at room temperature (297 K) and the pressures
shown in Table 1. Reagent grade chemicals (Sigma—Aldrich)
with natural isotopic composition were used at purity levels
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Fig. 1 Example experiment car- 10 T
ried out for pure chloromethane
at 0.5 Torrand 297 K. Top and 8t

middle graphs: modulated refer-
ence (10, black) and transmitted
(I, blue) intensities as meas-
ured at the detector (top graph
shows full frequency range and
middle graph a subset); bottom
graph: absorbance within a
subset of the frequency range

Intensity [V]

at 261-266 GHz (color figure
online)

Intensity [V]

L 1

2615 262

Absorbance

2625

263 2635 264 2655 266

1

2615 262

2625 263

2635 264 2645 265 2655 266

Frequency [GHZ]

Table 1 Compounds and

. Compound
pressures at which spectral

Molecular formula Pressures [Torr]

absorption measurements were

Chloromethane (methyl chloride)
performed (1 Torr=133.322 Pa)

Iodomethane (methyl iodide)

Dichloromethane (methylene chloride)
Dibromomethane (methylene bromide)

Chloroform (trichloromethane)

CH,CI 0.25,0.5,1,2,4,8
CH,I 0.5,1,2,4,8,16
CH,Cl, 05,1,2,4
CH,Br, 05,1,2,4,8,16
CHCI, 05,1,2,4

of >99% to>99.8%. Example measured spectra are found
in the figures within this section and a complete set of all
measurements can be found in the appended supplementary
material.

Absorption spectra for chloromethane are shown in
Figs. 2 and 3. In the present frequency range, chlorometh-
ane shows very four strong features for each of the two
primary isotopomers (12CH335C1 and 12CH337C1 with
natural abundance of 74.9% and 23.9%, respectively).

Chloromethane, a symmetric top molecule, has well-quan-
tified rotational spectroscopy [35], with rotational energy
levels that can be given as:

E x =BJJ+1)+(A-BXK*-D,J(J + 1))

1
— D, xJ(J + DK? — DgK*, M

where J and K are the rotational quantum numbers, A and B
rotational constants, and Dj, D, 1K and Dy, centrifugal distortion
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Fig.2 Spectral absorp- J &y
tion measurements for pure 3r
chloromethane at 2 Torr. Note, 9¢« 8 10< 9 11« 10 12¢ 11
features for two isotopologues
are observed and the rotational § 2r
quantum numbers for each I} 12CH,37Cl 12CH,35(]
transition are identified 'g
) I
g 1 \ I /
0 = = e i - d —— L 4
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—— Experimental Data
— Calculated Transition Energies
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Fig. 3 Measured absorp- 0.25
tion spectra for pure chlo-
romethane at 0.25 Torr in the 02
261-266 GHz range. Calculated 8
rotational transition frequencies % 0.15
are shown via the blue lines 2
2 041
Q
<
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0
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AK =0
K=9,8,..,0

Il
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2652

terms. Within Fig. 2, the frequencies of rotational transitions
predicted by Eq. 1 and the rotational spectroscopic constants
reported by Striteska et al. [35] are indicated by the blue lines
and are in good agreement with the JPL molecular spectros-
copy database [36]. The strong features observed in Fig. 2
obey the symmetric top selection rules, J'=J""+1«+J’’ and
AK=0, and are located at frequencies given by:

AEJ,KZZB(JH-l-l) _4DJ(J//3+3JI/2+3J//+4)
_2DJK(J,,+1)K2

Hence, these features are approximately spaced in
frequency every 2B, where the rotational constants are

@ Springer

2654

265.6 2658 266 266.2

Frequency [GHz]

A=156.052 GHz and B =13.293 GHz for '*CH,*Cl,
and A =156.053 GHz and B = 13.088 GHz for '>’CH,*'Cl.
Within these major features, distinct rotational structure is
resolved, as shown in Fig. 3, caused by centrifugal distor-
tion (D; and D g terms).

Iodomethane displays absorption within the spectral
region that is similar to chloromethane, as shown in Fig. 4.
Iodomethane, also a symmetric top, has strong repeating
absorption features spaced every 2B, where the rotational
constants are A=155.095 GHz and B=7.501 GHz [37],
following symmetric top selection rules: J'=J""+1«J"’
and AK=0. Again, multiple distinct transitions originate
near the location of each major feature due to centrifugal
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Fig.4 Measured absorption &)
spectrum for pure iodomethane
at 0.5 Torr. Blue lines indicate 2r 16 < 15 18¢ 17 20< 19
calculated frequencies for tran- ©
sitions (color figure online) 215+
©
£
g 1"
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0 Al b L L JJ % ]
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< .
0.5
; (I
238 239 240 298 299 300
Frequency [GHZ] Frequency [GHZ]

distortion. In the case of iodomethane, these features are
more closely spaced than for chloromethane and are not well
resolved experimentally. The calculated frequency locations
based on the rotational constants reported by Boucher et al.
[37] are also shown in Fig. 4 in blue and are in agreement
with the experiment. Weak absorption features that are
separated from the strongest features are also observed in
the iodomethane spectrum. These features originate from
the small fractions of iodomethane that populate the first
vibrationally exited state at room temperature. Similar weak
features from vibrationally excited chloromethane are also
observed in Figs. 2 and 3 at frequencies between the peaks
for the two chloromethane isotopomers.

An example measured spectrum for dichloromethane is
shown in Fig. 5. Dichloromethane is a near-prolate (x =
—0.98) asymmetric top with three primary isotopomers:

Fig.5 Measured absorption
spectrum for pure dichlorometh-
ane at 2 Torr

Absorbance

CH,*’Cl, (natural abundance 56%; rotational con-
stants A =32.002 GHz, B=3.320 GHz, C=3.065 GHz
[38]); CH,*CI*’Cl (abundance 38%; A=31.879 GHz,
B=3.231 GHz, C=2.988 GHz [38]); and CH,*'Cl, (abun-
dance 6%). The dichloromethane spectrum in the present
frequency range is dominated by Q-branch b-type transitions
that blend together at frequencies around 258 and 315.5 GHz
and obey the selection rules: AJ/=0,+1; AK,= +1;
AK_.= +1, where J is the quantum number for total rota-
tional angular momentum and K, and K, are the quantum
labels for projection of total angular momentum onto the
a- and c-axes, respectively. The strong feature at 258 GHz
is for A/=0and K,”=5 K,”’=4 and the strong feature at
315.5GHzis for AJ=0and K,"=6 K,”’=35. For each strong
feature, there is a sequence of lines for each K, at a spac-
ing of (B+ C) for AJ= + 1 transitions. The slightly different

1 1 1 1 1 1 J

0
220 230 240

250 260 270 280 290 300 310 320 330

Frequency [GHZ]
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rotational constants for the three chloromethane isotopomers
contribute to the asymmetry of the strong features at 258
and 315.5 GHz, with the transitions for CH,*CI*’Cl and
CH,*'Cl, shifted to lower frequencies, and the numerous
weak lines between these strong features.

The spectral absorption for dibromomethane in the cur-
rent frequency range, example shown in Fig. 6, is similar
to that for dichloromethane. Dibromomethane is also a
near-prolate (x > 0.99) asymmetric top with multiple iso-
topomers: CH, °Br, (natural abundance 26%; rotational
constants A =26.035 GHz, B=1.239 GHz, C=1.191 GHz
[39]); CH279Br81Br (abundance 50%; rotational con-
stants A =26.008 GHz, B=1.223 GHz, C=1.177 GHz
[40]); and CH281Br2 (abundance 24%; rotational constants
A=25.998 GHz, B=1.208 GHz, C=1.163 GHz [39]).
Like dichloromethane, the dibromomethane spectrum

contains strong Q-branch b-type transitions near 223, 272,
and 332 GHz that correspond to AJ=0 and AK,= +1,
where K,”’=5 (223 GHz), K,”’=6 (272 GHz), and K’ =7
(322 GHz). Similarly, the subsequent transitions that follow
these major transitions are for A/J=+1 and A= +1. The
transitions for the present isotopomers are clustered close
enough together such that they reside within and coalesce
into one apparent peak in the absorbance spectrum.

An example measured spectra for chloroform is shown
in Fig. 7. Chloroform has four primary isotopomers that
are oblate or near-oblate symmetric tops: CH*’Cl; (natural
abundance 42.9%; rotational constants A =B =3.302 GHz,
C=1.778 GHz [41]); CH**CL,*’ClI (natural abundance
42% rotational constants A =3.302 GHz, B=3.187 GHz,
C=1.683 GHz [42]); CH**CI*’Cl, (natural abundance
13.7%; rotational constants A =3.244 GHz, B=3.129 GHz,

Fig.6 Measured absorption 08
spectrum measurements for AJ =0
pure dibromomethane at 2 Torr o 06F A =0 K,=7c6
e A]=0 K,=6¢5
S g4l Ka=5¢4
o
@ I
o
< 0.2 -
0 SO ad NS et f
220 230 240 250 260 270 280 290 300 310 320 330
Frequency [GHZ]
Fig.7 Measured absorption 0.15 —— Experimental Data S«
spectra for pure chloroform at — Calculated Transition Energies
4 Torr. Blue lines indicate fea- 8 47 < 46
tures that result from R-branch ® g1} 35« 34 39 ¢« 38 43 & 42
transitions for CH35CI3. The e
secondary peak at a slightly _ch
higher frequency is from the 2 0.05
CH35C1237Cl isotopic species —2 ’
of chloroform, based on the
rotational constants reported by
Colmont et al. [42] (color figure 0 L J
online) 220 230 240 250 260 270 280 290 300 310 320 330
Frequency [GHZ]
2cH35Cl ’ ”
oost L€ « ’ .
’ 42 < 41 0.08 42 &< 41
© -
2 006} PCHPCLYCL g K =41,40,...,0
5]
£
Q 0.04f / 0.04
e
0 ‘ 0
275 276 277 278 279 280 2766 2768 277 2772 2774
Frequency [GHZ] Frequency [GHz]

@ Springer



Halogenated hydrocarbon gas sensing by rotational absorption spectroscopy in the 220-330 GHz...

Page70f9 123

C=1.77842 GHz [42]); and CH37C13 (natural abundance
1.5%). The chloroform spectrum in the current frequency
region contains strong repeating transitions that are identifi-
able for the three most abundant isotopomers as R-branch
transitions, AJ= + 1, and are spaced in frequency at A + B.
The spectrum shown in Fig. 7 indicates the locations of tran-
sitions for CH**Cl,. The spectral features located between
the labeled features for CH*Cl, can be assigned to the other
isotopomers. Note, at high frequencies the transitions for
isotopomers blend together due to their proximity and col-
lisional lineshape broadening.

Measured absorption spectra for all five compounds stud-
ied are compared in Fig. 8. It is evident that there are distinct
and strong spectral features allowing for the quasi-isolated
simultaneous selective identification of each species in the
presence of other species from this subset of halogenated
hydrocarbons. For the chlorinated hydrocarbons (top graph
in Fig. 8), chloromethane is sufficiently well isolated and

strongly absorbing at the peaks located around 266, 293,
and 319 GHz for detection at those locations. Similarly,
dichloromethane can be detected at peaks for its broad fea-
tures located around 259 and 316 GHz. Chloroform provides
weaker absorption but has peaks that are sufficiently isolated
for detection around 251, 270, and 291 GHz. The strong fea-
tures around 272 and 322 GHz for dibromomethane (middle
graph in Fig. 8) allow for its selective measurement in the
presence of any other absorber for the selected halogenated
hydrocarbons. Finally, iodomethane (bottom graph in Fig. 8)
has a number of strong and isolated spectral features, start-
ing at around 225 GHz and repeating approximately every
15 GHz, allowing its detection in the presence of any of the
other compounds.

The strong absorption features observed in the
220-330 GHz frequency range allow for sensitive detection
of the five target halogenated hydrocarbons, at detection lim-
its suitable for industrial gas sensing. Assuming a minimum

Fig.8 Comparison of measured
absorption spectra for halogen- 0.4 — Chloromethane
ated hydrocarbons at 297 K. — Dichloromethane
Top graph: chloromethane at § 031 _ Chioroform "
0.25 Torr, dichloromethane @© ‘
at 2 Torr, and chloroform at 'g
4 Torr. Middle graph: dichlo- 2
romethane at 1 Torr and < b
dibromomethane at 0.5 Torr. .
Bottom graph: chloromethane '
and iodomethane at 0.5 Torr :
220 230 240 250 260 270 280 290 300 310 320 330
Frequency [GHZ]
06
— Dichloromethane
" — Dibromomethane
e 04r
]
£
o
]
o
<
220 230 240 250 260 270 280 290 300 310 320 330
Frequency [GHZ]
Y Chloromethane
)
g 15¢r
]
5
® 1r
o
<
051 L
0 e l N J . . L ) o1 )
220 230 240 250 260 270 280 290 300 310 320 330
Frequency [GHZ]
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Table 2 Gas-phase detection
and exposure limits for target

Estimated detection limits

halogenated hydrocarbon Compound Detection Pure gas Dilute gas Exposure limits
species (297 K and 1 m frequency concentration  concentration at
absorption pathlength) [GHz] [em™3] 1 atm
Chloromethane, CH,C1 319 4%10"? 13 ppm TWA: 100 ppm (OSHA)
C: 200 ppm
Todomethane, CH,1 300 2x10" 7 ppm TWA: 2 ppm (OSHA)
Dichloromethane, CH,Cl, 316 2x10" 70 ppm TWA: 25 ppm (cal/OSHA)
ST: 125 ppm
Dibromomethane, CH,Br, 322 6x10" 20 ppm TWA: 25 ppm (NIH)
ST: 125 ppm
Chloroform, CHCl, 291 5%10" 180 ppm TWA: 2 ppm (OSHA)
C: 50 ppm

TWA: time weighted average exposure limit (8 h), ST: short-term exposure limit (15 min), and C: ceiling

exposure limit

detectible absorbance, the concentration limits for pure gas
detection of the five target compounds at chosen detection fre-
quencies can be estimated from the present data set. In the pre-
sent study, for a single frequency sweep with amplitude modu-
lation but no averaging, absorbance noise ranges from=+0.001
to+0.003. By averaging multiple sweeps or decreasing the
sweep rate (or range) the absorbance noise can be reduced
well below +£0.001. Hence, for the purposes of determining
detection limits, we will use a minimum detectible absorbance
of +0.001 which yields the estimated detection limits for the
measurement of pure halogenated hydrocarbons ranging from
order 10'? to 103 molecules/cm?, as reported in Table 2. For
mixtures of the target halogenated hydrocarbons dilute in a
bath gas (e.g., air, N,, or He), lineshape broadening will affect
the minimum detectible concentrations. The estimated detec-
tion limits for dilute gases provided in Table 2 are based on
spectral lineshapes which are modeled using pressure broaden-
ing parameters extrapolated from calculations for chlorometh-
ane [43]. Note, while the absorption pathlength in the present
experiment was 21.59 cm, for relevance to other sensor appli-
cations, the detection limits are reported for a 1 m pathlength.
Detection limits are inversely proportional to pathlength.

4 Conclusions

Rotational spectroscopy on gaseous halogenated hydro-
carbons is demonstrated using an amplitude-modulated all
electronic terahertz-source/detector system operating in
the 220-330 GHz frequency range. Absorption spectra for
pure chloromethane, iodomethane, dichloromethane, dibro-
momethane, and chloroform are characterized in this fre-
quency range for 297 K and modest pressures (0.25-16 Torr)
where collisional lineshape broadening effects are important.
The measurements illustrate strong and distinct absorption
for the target halogenated hydrocarbon species allowing

@ Springer

for their selective measurement at detection limits suitable
for industrial gas sensing applications, where halogenated
hydrocarbons present a human health and environmental
hazard. The present work further demonstrates the poten-
tial of THz-wave microelectronics and rotational absorption
spectroscopy for quantitative gas sensing.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00340-021-07667-w.
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