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Abstract: Gas sensing for dimethyl sulfoxide (DMSQO) based on rotational absorption spectroscopy is
demonstrated in the 220-330 GHz frequency range using a robust electronic THz-wave spectrom-
eter. DMSO is a flammable liquid commonly used as a solvent in the food and pharmaceutical
industries, materials synthesis, and manufacturing. DMSO is a hazard to human health and the
work environment; hence, remote gas sensing for DMSO environmental and process monitoring
is desired. Absorption measurements were carried out for pure DMSO at 297 K and 0.4 Torr (53
Pa). DMSO was shown to have a unique rotational fingerprint with a series of repeating absorption
bands. The frequencies of transitions observed in the present study were found to be in good
agreement with spectral simulations carried out based on rotational parameters derived in prior
work. Newly, intensities of the rotational absorption lines were experimentally observed and reported
for DMSO in this study. Measured intensities for major absorption lines were found in very good
agreement with relative line intensities estimated by quantum mechanical calculations. The sensor
developed here exhibited a detection limit of 1.3 101°-2.6 101> DMSO molecules/cm3 per meter of
absorption path length, with the potential for greater sensitivity with signal-to-noise
improvements. The study illustrates the potential of all electronic THz-wave systems for
miniaturized remote gas sensors.
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1. Introduction

Terahertz-wave absorption spectroscopy offers the potential for quantitative and
selective gas sensing for polar molecules in practical and harsh environments. Commer-
cial electronic terahertz (THz) wave gas sensors may be realizable in the near term due
to the fundamental advantages offered by absorption spectroscopy in the THz-wave re-
gion (0.1-1.0 THz or 3.33-33.3 cm 1). This includes sensitivity, molecular selectivity, and
strongly limited insensitivity to interference from water vapor and particle scattering com-
pared to the infrared band, as well as the significant progress made in the development of
THz-wave electronic sources and detectors that are miniaturized, robust, energy efficient,
and inexpensive, relative to photonics devices. Due to these advantages, THz-wave gas
sensing has shown recent success in analytical chemistry and engineering [1-8].

In recent studies, THz-wave absorption spectroscopy based on microelectronic sources
and detectors has been used to probe rotational transitions for the detection of gaseous
volatile organic compounds (VOCs) [9], halogenated hydrocarbons [10], cyanides [11,12],
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small sulfur-containing compounds [13,14], and other chemical classes. However, there is
minimal prior development of gas sensing for larger volatile sulfur compounds (VSCs).

Both organic and inorganic sulfur-containing compounds are used across a plethora
of chemical, pharmaceutical, metallurgic, textile, photographic, food, and cosmetic applica-
tions [15]. VSCs are used in polymer and other material manufacturing and processing [16].
They are often used to affect the aromas of food and beverages, such as vegetables,
cheese, coffee, chocolate, UHT milk, wine, and beer [17]. VSCs are naturally produced
in the ocean by marine biota, making up approximately 40% of the sulfur emissions to the
atmo-sphere [18].

Common VSCs include dimethyl sulfide and dimethyl sulfoxide (DMSO) [17]. See
Figure 1 for the organic structure of DSMO (H3CS(O)CH3). DMSO is used in medical, clean-
ing, and polymer and paper manufacturing applications. It is used as an anti-inflammatory
drug [19], for pain reduction, in healing wounds or injuries, and other conditions. DMSO,
as part of medical treatments or as a natural component of various foods, is known to
penetrate tissues, allowing for greater efficacy of drug treatments. DMSO is also used as
an industrial solvent in fungicides, herbicides, and antibiotics, due to its antimicrobial
activity. DMSO is used in clearing solutions where it acts as a solvent for the removal of
organic and polymer debris from manufacturing and other equipment. It is also used in
paint stripping applications and in material processing as a reaction and processing solvent
during polymer manufacturing and casting and synthetic fiber production.
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Figure 1. Molecular structure of DMSO.

A gas sensor for DMSO for process and environmental monitoring and control would
be particularly valuable in industrial, manufacturing, materials, and medical settings, es-
pecially in situations where DMSO poses worker and environmental safety issues. For
example, DMSO has been shown to lead to undesired exothermic reactions in medical set-
tings, when exposed to sodium hydride [20]. In calorimetry experiments, DMSO/sodium
hydride mixtures have been shown to lead to explosive conditions at very modest tem-
peratures (40-60 C) [21]. Similarly, DMSO has been shown to decompose and act as an
oxidizer or auto-catalyst while in contact with certain organic and inorganic acids and
peroxides [22,23]. DMSO is a health hazard to humans causing skin/eye irritation and
damage depending on exposure concentrations [24].

As aslightly asymmetric oblate top molecule with relatively strong dipole moment
(3.94 Deybe [25]), DMSO proves to be a good candidate for gas-phase sensing using
rotational absorption spectroscopy in the THz frequency band, where DMSO exhibits
spectra rich in rotational structure from both the ground vibrational state and low-lying
vibrationally-excited states [26,27]. Margules et al. [26] identified DMSO rotational transi-
tions in the 150-660 GHz frequency range using high-resolution (10 kHz) methods carried
out at very low pressures (0.2 Torr or 2.6 Pa) and presented a Watson Hamiltonian fit to
describe the spectra. Cuisset et al. [27] extended the work of Margules et al. by adding
transitions from low-lying vibrationally-excited states in the 70700 GHz frequency band.
Cuisset et al. also improved upon the Hamiltonian fit, providing updated rotational
constants, including centrifugal distortion terms, for six vibrational ground states.

Several technologies have been used in the last several decades to investigate the
rotational spectra of polar gas molecules in the THz-wave region. FAst Scan Submil-
limeter Spectroscopy Technique (FASSST) utilizes quasi-optical radiation sources and
high-sensitivity and low time-response detectors, and it is most useful for highly resolved
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spectral characterization (kHz resolution) at extremely low pressures where fast time re-
sponse is not required [28-30]. While extremely resolved, FASSST systems are expensive,
large, and slow, and, therefore, they are not suitable for remote gas sensing in industrial
applications. THz time-domain spectroscopy (THz-TDS) provides greater time-resolution
than FASSST and can scan large frequency ranges. However, typical THz-TDS systems
do not have the spectral resolution of FASSST systems and may not provide a sufficient
resolution for sensitive quantitative gas sensing under some conditions. THz-TDS systems
are also generally too large, complex, and expensive to be implemented in remote gas
sensing [1,2,31].

With advancements made to THz frequency microelectronic sources and detectors,
miniature microelectronic THz-wave remote gas sensors are now possible that offer high
time-resolution (seconds to milliseconds), offer reasonable spectral resolution (100 kHz
to 1 MHz), are robust in industrial processes, and are inexpensive compared to other
technologies. The present study presents the development of gas sensing for DMSO carried
out using a THz-wave electronic spectrometer.

2. Experimental Methods

For the interrogation of rotational absorption spectra for the purposes of gas sensing,
THz-wave radiation was generated with an electronic source, comprised of a radio fre-
quency (RF) synthesizer (HP model 83,752, 10 MHz-20 GHz) coupled to a Virginia Diodes
(VDi Model WR-3.4, power ~0.6 mW, resolution ~1 kHz, dimensions: 20 13 8 cm)
signal generator extension (SGX) module that frequency multiplies the RF signal to gen-
erate THz-wave radiation. The output of the SGX module was coupled to a diagonal
horn antenna to generate diverging free-space THz radiation. The diverging radiation
was collimated using a plano-convex Teflon lens. The collimated radiation then passed
through a high-density polyethylene (HDPE) gas cell assembled with two 45-degree HDPE
windows. The absorption pathlength of the gas cell was 21.6 cm and was connected to a gas
and vacuum management system. Downstream to the cell, a second plano-convex Teflon
lens focused the radiation onto a Schottky diode detector (VDi Model QOD 3-15, sensitivity
~0.5 V/mW, NEP ~10 pW/rtHz, sub-ns time response, dimensions: 3.8 3.8 1.1 cm)
for monitoring the transmitted radiation intensity. See Figure 2 for a schematic of the
experimental hardware.

To Vacuum
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Inlet
ransducer
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Diode Frequency multiplying
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Figure 2. Schematic of the experimental setup.

The electronic source producing coherent radiation in a frequency range of 220-330 GHz
was continuously scanned in frequency space at a fast rate (~100 GHz/s), providing rapid
measurements that can also be averaged to increase the signal-to-noise ratio. The spectral
absorbance, A, is described using the Beer-Lambert Law:

A= f#cl= In I|41)0
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where #is the spectral absorption coefficient, c is the concentration of the absorbing gas
(DMSOQ0), and | is the absorption pathlength (21.6 cm). The reference and transmitted
intensities are lg and |, respectively, where |y is measured while the cell is under vacuum
and | is measured with the gas of interest in the cell. The absorption coefficient, #, is a
function of the spectroscopic parameters for the probed absorption transitions (i.e., line
position, strengths, and shapes), which are a function of frequency, temperature and
pressure, and the gas mixture.

Spectral absorption for pure DMSO was measured at room temperature (297 K) and
0.4 Torr (53 Pa), using the methods described by Rice et al. [9]. First, a reference intensity
was obtained by completing a frequency sweep of the radiation source while the gas
cell was evacuated. To flush contaminants out of the gas cell, the cell was purged three
times using pure N, and then evacuated with a turbomolecular pump prior to each
experiment. Following the purge-vacuum process, the reference intensity was
measured. Next, the cell was filled with DMSO, by vaporizing liquid DMSO (purity of
99.7+%) contained in attached glassware into the evacuated cell. DMSO has quite a low
vapor pressure at room temperature (0.41 Torr (55 Pa) [32]); hence, measurements were
carried out only at pressures of 0.4 Torr (53 Pa). Once the gas cell was filled, the radiation
source was again swept in frequency, the transmitted intensity recorded, and the
absorbance determined using the Beer-Lambert law. The signals for an example
measurement are illustrated in Figure 3. The resulting absorbance measurements have
a noise floor of approximately 10 3 in absorbance and have frequency resolution of 0.5
MHz.
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Figure 3. Example experiment: 0.4 Torr (53 Pa) pure DMSO at 297 K. Top panel: reference and
absorbed intensity in total frequency range (220-330 GHz); middle panel: reference and absorbed
intensity in subset of frequency range (272-273 GHz); bottom panel: absorbance in subset of frequency
range.

3. Results and Discussion

Spectral absorbance measurements in the 220-330 GHz frequency range for pure
DMSO at 297 K and 0.4 Torr (53 Pa) are illustrated in Figure 4. For the full frequency
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range, repeating absorption bands (saw tooth structures) are observed with widths of
~2-3 GHz. The strength of the repeating bands increased from low to high frequency. At
higher resolution, individual rotational lines were observed that make up the bands, and the
strength of the lines generally increased within each repeating band from low to high
frequency.

(a.)15 210 y i g ’ : :

=

»n

Absorbance

220 230 240 250 280 270 280 290 300 3 320 330
Frequency [GHz]

[b']w x107

Absorbance
=

260 265 270 275 280 285 280
Frequency [GHz]

a
=

Absorbance

270 27 272 273 274 275 276 277 278 279
Frequency [GHz]

%0 2705 271 2718 212 2725 273
Frequency [GHz]
Figure 4. Measured absorbance for 0.4 Torr (53 Pa) pure DMSO at 297K in the frequency ranges of:
(a) 220-330 GHz, (b) 260-290 GHz, (c) 270-279 GHz, and (d) 270-273 GHz.

Many distinct rotational lines were present within the repeating absorption bands,
for both the ground vibrational state as well as for some low-lying vibrationally-excited
states, as demonstrated by Margules et al. [26] and Cuisset et al. [27], who previously
characterized the current frequency range in high-resolution low-pressure experiments
(10 kHz, 0.2 Torr or 2.6 Pa). In the present experiments, carried out at higher
pressures and for faster acquisition times necessary for remote gas sensing (1.1s
acquisition time in present study versus several hours in Cuisset et al.), 4—6 distinct
transitions within each repeating feature were resolved against the noise floor. The
noise floor (approximately 10 3 in absorbance space) contains broadband sensor noise,
emanating from the THz source and detector, and weak unresolved rotational lines that
provide structured features within the noise and are difficult to separate. Many of these
weak unresolved lines are for five low-lying excited bending/vibrational states (200400
cm 1) [27] that contain fractions of DMSO molecules of order 10% at 297 K.

Margules et al. [26] and Cuisset et al. [27] carried out a fundamental characterization
of DMSO rotational spectra in the 70700 GHz range. In combination, those two studies
identified and assigned approximately 7000 transitions but did not report intensities. Ad-
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ditionally, Margules et al. and Cuisset et al. reported rotational constants and centrifugal
distortion terms that allowed for prediction of the DMSO rotational spectrum. Here, calcu-
lations of the spectrum for DM SO in the ground-vibrational-state have been carried out
using the PGOPHER code [33] with the rotational parameters reported by Cuisset et al. [27].
Comparisons of the predicted and measured spectrum are illustrated in Figures 5-7. As
shown in Figures 6 and 7, the agreement is very good between the current measurements
and the simulations for the strongest transitions observed here experimentally. Previous
work [26,27] has reported precise measurement for the transition frequencies in the DMSO
rotational spectra. Newly, intensities of the rotational absorption lines are experimentally
observed and reported for DMSO in this study. Measured line intensities for major absorp-
tion lines are in very good agreement with relative line intensities predicted by the current

quantum mechanical calculations.
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Figure 5. Comparison of measured absorbance (bottom) with line positions and intensities for the
ground vibrational state simulated using PGOPHER [33] and the rotational constants of Cuisset et
al. [27] in the total frequency range of current study (220-330 GHz).
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Figure 6. Comparison of measured absorbance (bottom) with line positions and intensities for the
ground vibrational state simulated using PGOPHER [33] and the rotational constants of Cuisset et

al. [27] in the 270-290 GHz frequency range.
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Figure 7. Comparison of measured absorbance (bottom) with line positions and intensities for the
ground vibrational state simulated using PGOPHER [33] and the rotational constants of Cuisset et
al. [27] in the 270-279 GHz frequency range.

DMSO is a slightly-asymmetric oblate top that has ground-vibrational-state rotational
constants of A = 7036.58 MHz, B=6910.83 MHz, and C = 4218.78 MHz [27]. As the PGO-
PHER simulations illustrate, the strongest transitions we observed in the present frequency
range were a-type R-branch transitions, which obey the following selection rules: DJ = +1,
DKz = 0, and DK = +1, where J is the quantum number for overall angular momentum
and K; and K¢ are the quantum numbers for the projection of angular momentum onto the
a-axis and c-axis, respectively.

The repeating features observed in the rotational spectrum for DMSO exist because for
each J” (lower state J), there is a series of K.” (lower state K), described by K¢” =1J7,J” 1,)”
2,...0,that are separated by approximately (A + B)/C = ~5.5 GHz, according to the energy
level states participating in a-type R-branch transitions [34]. Each band is separated by
approximately half of this separation value (~2.75 GHz) because each band begins with a
different J”. For example, as shown in Figure 7, the repeating bands between 270 and 279
GHz have the strongest features that alternate between J” = 31 and J” = 32. Within each
repeating feature, the transitions are more tightly spaced, at around ~0.35 GHz, and the
transitions exist in a sequence where the transitions are weaker at lower frequencies and
weaker transitions are lower for J” and K.”. The spacing of transitions within a repeating
band is a function of the rotational energy levels that results in neighboring transitions
having J” that differ by two and K.” that differ by five, i.e., these transitions exist for
lower states that have quite different lower-state rotational energies, resulting in different
transition intensities due to the differences in thermal populations.

The DMSO spectrum in the 220-330 GHz region exhibited spectral fingerprints, with
the distinctive repeating patterns, that allow for the selective measurement of DMSO in
the presence of other species, as there are many DMSO transitions to choose from. Most
importantly, water vapor interference in the present frequency region is negligible and
VOCs, that may be simultaneously present, have sparser spectra than DMSO [9], making
it possible to find regions where DMSO is isolated. Given the proximity of DMSO lines to
one another, low-pressure conditions are preferred for DMSO gas sensing, where line
blending
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References
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due to pressure broadening is minimized. Here, we observed peak absorbance in each
band that ranged from 0.005 to 0.01 for 0.4 Torr (53 Pa) of DMSO at 297 K and a 21.6 cm
pathlength. Therefore, for a noise floor of 0.001 in absorbance, the DMSO detection limit is
1.3-2.6 10 molecules/cm? per meter of absorption pathlength (50-100 ppm) fora1.1s
acquisition time. It is possible, with slower frequency scan rates (~100 s acquisition time)
and averaging/filtering techniques, to lower the noise floor by an order-of-magnitude or
more, suggesting that detection limits of 1014 molecules/cm3 per meter pathlength are
possible for DMSO in the current frequency range.

4. Conclusions

THz-wave absorption spectroscopy for gas sensing of dimethyl sulfoxide (DMSQO) was
demonstrated using an electronic THz wave source and detector in a frequency range of
220-330 GHz at 297 K and 0.4 Torr (53 Pa). The measurements illustrate a distinctive DMSO
absorption spectrum that exists as a series of repeating absorption bands. The current
measurements agree with spectral simulations based on rotational constants derived in the
prior work of Margules et al. [26] and Cuisset et al. [27]. The intensities of the rotational
ab-sorption lines are experimentally observed and reported for DMSO between 220-330
GHz. Measured line intensities for major absorption lines are in very good agreement
with relative line intensities estimated by quantum mechanical calculations. Detection
limits for DMSO in the current frequency range are estimated to be in the range of 1014
to 10 molecules/cm?3 per meter pathlength. Improvements to the sensor detection limits
could be made through additional time averaging of signals, through either slower scan
rates or multi-spectra averaging or frequency modulation methods. Remote gas sensing for
DMSO has relevance to industrial, chemical, and medical applications where certain
DMSO use conditions may lead to possible human health and environmental hazards.
The present work shows the potential for remote gas sensing using THz-wave
electronics for volatile sulfur compounds and other polar industrial chemicals.
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