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Abstract

Katarina M. Yocum

The Development and Application of SubLIME: Sublimation of

Laboratory Ices Millimeter/submillimeter Experiment

The work presented in this dissertation involved the development of a laboratory

technique to reveal new information about cosmic ice chemistry. The Sublimation

of Laboratory Ices Millimeter/submillimeter Experiment (SubLIME) combines mil-

limeter and submillimeter (mm/submm) spectroscopy, infrared spectroscopy, and

mass spectrometry to explore the connection between ice and gas chemistry in cold

regions of space by studying the intricate details of sublimation. The studies ex-

amined ice chemistry driven by UV photons, how those chemical reactions dif-

fer under temperature variations, and how UV photons and heat effect the subli-

mation process. Procedures were developed for determining surface binding en-

ergy, sublimation enthalpy, rotational temperature, and gas density. The millime-

ter/submillimeter spectroscopic technique can unambiguously identify structural

isomers, conformational isomers, and isotopologues, making it highly complemen-

tary to previous gas-phase mass spectrometry techniques typically implemented for

laboratory cosmic ice studies. Furthermore, the laboratory spectra are directly com-

parable to observational data from submillimeter/far-IR telescopes and provide an

avenue for laboratory modeling of telescope data to guide future observational dis-

coveries.
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Chapter 1

Introduction

1.1 Introduction to Astrochemistry

Space is an extremely harsh environment with extraordinary low pressures, intense

radiation fields, and a range of temperature extremes from near absolute zero to

thousands of Kelvin. Because of this, it was once thought that most of the matter

could only exist in the form of atoms and dust grains–not individual molecules.

This was disproven in 1937 when the first interstellar molecule was detected from

a single emission line of the CH molecule (Swings et al., 1937). Three years later,

the CH detection was confirmed by McKellar (1940) who identified several more

emission lines of CH and additional emission lines for the CN molecule, proving

that molecules do exist in the interstellar medium (ISM), despite the high radiation

and cold conditions. Since then, hundreds of molecules have been detected in the

ISM ranging in size and complexity including radicals (e.g., MgCN (Ziurys et al.,

1995) and C7H (Guélin et al., 1997)), ions (e.g., C3N− (2008) and HCO+ (Buhl et al.,

1970; Klemperer, 1970; Woods et al., 1975)), polycyclic aromatic hydrocarbons (e.g.,

c-C9H8 (Burkhardt et al., 2021)), fullerenes (C60 (Cami et al., 2010)), molecules with

a chiral center (CH3CHCH2O (McGuire et al., 2016)), and prebiotic organics (e.g.,

NH2CH2CN (Belloche et al., 2008) and NH2CONH2 (Jimenez-Serra et al., 2020)).

Consequently, the interdisciplanry field of astrochemistry was developed to examine

the increasingly rich chemistry of space.

The astrochemistry community strives to quantitatively determine the cycle of

matter in the universe from a chemical perspective. From an astrophysical perspec-

tive, the cycle of matter can be described by the stages of star and planet formation
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FIGURE 1.1: The stages of star and planetary system formation and
destruction.

(Figure 1.1). In general, the prestellar stages consist of the diffuse cloud, dense cloud,

and protostar stages which eventually transform to a protoplanetary disk followed

by a planetary system. Eventually the star dies, expanding material into the ISM,

and the cycle starts over. Therefore, the matter of the universe is constantly being

altered, recycled, and transported. In fact, presolar grains (i.e., grains that formed

before the Sun) have been found in primitive meteorites that were delivered to Earth

(Haenecour et al., 2016; Nittler et al., 2018; Nittler et al., 2020; Pravdivtseva et al.,

2020; Zinner, 1998) providing sufficient evidence that matter is recycled and trans-

ported.

In astrochemistry, the matter in space is broken into three categories: gas, dust,

and ice. Dust consists of refractory compounds (e.g., graphite, diamond, and sili-

cates) and ice consists of volatile compounds (e.g., H2O, CO, NH3, and CH3OH) in

the solid phase. The physical and chemical alteration of these molecules is dictated

by the temperature and other sources of energy (e.g., UV photons and cosmic rays)

that penetrate the region where they exist. For example, in our solar system the ob-

jects closest to the Sun are composed of mostly dense refractory compounds (i.e.,
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the rocky planets) and volatile compounds exist in the outer solar system (i.e., gas

giants, icy planets, and comets) where the temperature is much colder. Objects in

the outer solar system also experience less radiation from the Sun and are theorized

to house "pristine" molecules that were preserved from the presolar stage. Further-

more, small bodies such as asteroids and comets can transport volatiles across the

solar system and thus are a potential delivery mechanism for water and other im-

portant molecules for prebiotic chemistry on Earth.

1.1.1 Cosmic Ice Chemistry

Volatile chemicals across the universe play an essential role in the formation of im-

portant prebiotic molecules such as amino acids, sugars, and nucleobases. In the ex-

tremely cold conditions of space, volatile chemicals solidify to form ices composed

of not only water, but small organic molecules and nitrogen bearing species includ-

ing key ingredients for biochemistry: C, N, O, H. These ices exist in cold regions such

as ice-coated dust grains in dense interstellar clouds, cold planetary surfaces like the

polar ice caps of Mars, on the surface of Ocean Worlds such as Europa, Titan, and

Enceledus, and in small bodies such as comets and asteroids. Chemical reactions in

cosmic ices are driven by space weathering processes such as those depicted in Fig-

ure 1.2. These processes also drive chemical species to be sputtered or sublimated to

the gas phase where they then contribute to the gas-phase composition and abun-

dances of the matter that surrounds the icy object. When ice surface chemistry is

not considered in chemical models of star- and planet-forming regions the column

densities of organic molecules are severely underestimated (Herbst, 2017; Wakelam

et al., 2015). Even when the models include gas-grain processes such as ice-surface

reaction mechanisms, photodesorption, and cosmic-ray driven reaction mechanisms

occurring deeper in the ice mantle, the abundances of some molecules are still un-

explained (Abplanalp et al., 2016; Herbst, 2017). Therefore, there are connections

between ice and gas chemistry (i.e., gas-grain interactions) that are not fully un-

derstood. This connection is critical for explaining discrepancies between computa-

tional models of star-forming regions and the observed chemical abundances of the

ISM. It also plays a role in explaining the gas-phase abundances of cometary coma

and planetary atmospheres. The work herein explored the connection between ice
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FIGURE 1.2: Space weathering processes that drive chemical and
physical changes on cosmic ice surfaces (e.g., an ice-coated dust

grain).

surface chemistry and gases that sublimate/desorb from the ice surface due to heat

and UV photons.

Laboratory Cosmic Ice Chemistry

Laboratory experiments have been conducted for decades to study cosmic ice chem-

istry by recreating interstellar, cometary, and planetary conditions in a laboratory

setting (Carrascosa et al., 2021b; Gerakines et al., 2004; Greenberg et al., 1972; Hud-

son et al., 2017; Moore et al., 1983; Schutte et al., 1993). These experiments com-

monly use ultra-high and high-vacuum chambers to simulate the low density and

cold conditions of interstellar clouds, icy planetary bodies, and/or comets to study

the solid-phase chemistry driven by energetic processing from particles (e.g., pro-

tons and electrons), UV photons, and/or heat. The chemistry examined ranges from

the formation of small molecules (e.g. H2O, CH4, NH3) (Dulieu et al., 2010; Fedoseev

et al., 2014; Qasim et al., 2020) to larger molecules commonly referred to as complex

organic molecules (COMs; molecules with 6+ atoms) (2021; Lee et al., 2009; Mein-

ert et al., 2016). Previous studies have also investigated the sublimation of COMs

after low temperature formation in cosmic ice analogs via heat (Abou Mrad et al.,

2016; Butscher et al., 2016; Schneider et al., 2019) and UV photodesorption (Bertin et

al., 2016; Öberg et al., 2009a; Paardekooper et al., 2016b). Varying results have been

produced from these studies. For example, Öberg et al. (2009a) reported the UV pho-

todesorption yield of methanol as 2.1(±1.0)× 10−3 molecules photon−1 and it was

later determined by Bertin et al. (2016) that the photodesorption yield of methanol
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is on the order of 10−5 molecules photon−1, and the photofragments of methanol

desorb in much higher yields than the intact molecule. These experiments are fur-

ther complicated by the fact that it becomes difficult to calculate the concentrations

of each unique product due to analytical techniques having overlapping signals.

The analytical techniques traditionally implemented to monitor chemical changes

during energetic processing are Fourier Transform infrared (FTIR) spectroscopy to

analyze the solid ice sample, and electron ionization mass spectrometry (EI-MS) to

analyze sublimated gases (Allamandola et al., 1988; Cruz-Diaz et al., 2016; Green-

berg et al., 1972; Hudson et al., 1991; Öberg et al., 2009b). These techniques are

essential for identifying new molecules from processed ice samples because they are

very sensitive, but they are limited by functional group overlaps in the IR spectra

and mass fragment overlaps in the mass spectra making the unique identification of

COMs very challenging and, in some cases, impossible. Thus, as the field progresses,

the developments of new structure-specific analytical techniques are required.

The work described herein involved the development of a laboratory technique

to reveal new information about cosmic ice chemistry. The Sublimation of Labora-

tory Ices Millimeter/submillimeter Experiment (SubLIME) combines millimeter and

submillimeter (mm/submm) spectroscopy, infrared spectroscopy, and mass spec-

trometry to explore the connection between ice surface chemistry and the gases that

surround icy surfaces in space by studying the intricate details of sublimation. Sub-

LIME focuses on the chemistry driven by ultraviolet (UV) photons, how those chem-

ical reactions differ under temperature variations, and how UV photons and heat

affect the sublimation process.

1.1.2 Rotational Spectroscopy as a Tool for Laboratory Astrochemistry

SubLIME is the first laboratory technique to utilize millimeter and submillimeter

spectroscopy (i.e., rotational spectroscopy) for the chemical analysis of species that

sublimate from energetically processed ice samples. Rotational spectroscopy is a

powerful technique for uniquely identifying components of complex gas mixtures

because it is very structure-specific. Rotation of a three-dimensional molecule around

the three principal axes (a, b, and c) gives rise to unique moments of inertia that de-

pend on the masses of the atoms making up the molecule and the distance from the
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rotating atoms to the center of mass of the molecule. This results in quantized rota-

tional energies levels that lead to unique structure-specific spectral fingerprints. For

many molecules, the effects of centrifugal distortion, internal rotation, and hyper-

fine splitting provide further structural information (Gordy et al., 1984; Townes et

al., 1975; Wollrab, 1967). The structure-specificity of rotational spectroscopy makes

it a widely used tool in astrochemistry and, in fact, mm/submm spectroscopy is

the most widely used technique for probing the gas-phase compositions of the ISM

(Crockett et al., 2010; Widicus Weaver et al., 2017; Willis et al., 2020), cometary coma

(Cochran et al., 2015; Roth et al., 2021), and planetary atmospheres (Moreno et al.,

2017; Parks et al., 2021). The three main benefits that mm/submm spectroscopy pro-

vides for laboratory cosmic ice experiments are (1) the direct comparison of labora-

tory spectra with mm/submm spectra collected by telescopes; (2) the unambiguous

identification of sublimated products including structural isomers, conformers, and

isotopologues; and (3) quantification of uniquely identified molecules to compare to

astrochemical models of the ISM and planetary atmospheres.

1.2 Dissertation Overview

This dissertation presents the details of the SubLIME setup, proof-of-concept re-

sults for the millimeter and submillimeter spectroscopic detection of sublimated ice

samples, the results of experiments that examined the products of UV-photolyzed

methanol ice, and preliminary work toward detecting UV-photodesorbed products.

The dissertation is organized as follows:

Chapter 2: The experimental methods are described.

Chapter 3: Proof-of-concept experiments are presented to demonstrate that millime-

ter/submillimeter spectroscopy can be used to detect sublimated ice samples of wa-

ter (H2 and D2O) and methanol (CH3OH).

Chapter 4: The results of experiments are presented that used submillimeter spec-

troscopy as a structure-specific technique to uniquely identify and quantify subli-

mated products of a methanol (CH3OH) ice sample processed with UV photons and

heat. The abundance ratios of organic products were compared to those detected in

hot cores and comets.
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Chapter 5: The results of UV photodesorption experiments are presented and the

limitations of direct-absorption millimeter/submillimeter spectroscopy are discussed.

Chapter 6: Conclusions of the dissertation are presented along with the motivations

for future studies.
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Chapter 2

Experimental Methods

2.1 SubLIME Setup Descriptions

The SubLIME setup was designed to study the chemical and physical changes of

cosmic ice analogs driven by UV photons by combining three analytical techniques:

millimeter and submillimeter (mm/submm) spectroscopy, infrared spectroscopy,

and mass spectrometry. The results presented herein were collected in two different

vacuum chambers and using three different experimental setups. The first chamber

was built at Emory University and the second chamber was built at NASA Goddard

Space Flight Center (GSFC). The first experimental setup was built by previous stu-

dents at Emory University prior to 2017, and the setup went through an in-depth

rebuild in 2018 to address some limitations and to implement several new exper-

imental techniques. The second chamber at NASA GSFC was designed from the

basis of the rebuilt Emory University chamber with some additional improvements.

The original Emory University chamber is described in 2.1.1 and the details of the

chamber rebuild are described Section 2.1.2. Lastly, a description of the NASA GSFC

setup can be found in Section 2.1.3.

2.1.1 Emory University Experimental Setup 1

Figure 2.1 shows a detailed schematic of the chamber before it was rebuilt in 2018.

The setup, which from here on will be referred to as experimental setup 1, consisted

of a series of vacuum pumps and gauges, a cryostat, a direct-absorption mm/submm

spectrometer, a UV photolysis lamp, and a gas-inlet valve. The base pressure of the

vacuum chamber was ∼ 2.0 × 10−7 Torr achieved by an Œrlikon Leybold TW90
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FIGURE 2.1: Schematic of the vacuum chamber before the 2018 re-
build (experimental setup 1). Ice samples were formed on a cold sub-

strate depicted at the center of the vacuum chamber.

turbopump backed by an Edwards EM30 rotary vane pump. A pneumatic gate

valve (High Vacuum Apparatus Mfg., Inc., 124-0600) was used to isolate the cham-

ber from the pumps when needed. Ice samples were formed at the center of the

vacuum chamber on a polished nickel substrate (Advanced Research Systems, Inc.,

SHNO-1B) attached to the cold arm of a closed-cycle helium cryostat (APD Cryogen-

ics 256844D1, expander model DE-202B) connected to a helium compressor (APD

Cryogenics, HC-2).

The temperature of the substrate was controlled with a PID temperature con-

troller (Lake Shore Cryotronics, 330) and was monitored via a thermocouple sensor

(Lake Shore Cryotronics). The base temperature of the substrate was ∼30 K. A 36

Ω metallized heater (Lake Shore Cryotronics), located on the tip of the cold arm,

was used to heat the substrate from ∼30 to 300 K. A multi-port flange (MDC Preci-

sion Products LLC, 409009) was connected to the top port of the vacuum chamber

and provided three 2.75-inch ConFlat® (CF) ports where the UV photolysis lamp

(Opthos Inc., LR-H), sample inlet gas line, and pressure gauges were secured. Sap-

phire viewports (Kurt J. Lesker Company, VPZL-275S) located on either side of the

chamber were the entrance and exit ports for the light beam of the mm/submm

spectrometer. The mm/submm light beam passed straight through the chamber ∼2

cm above the sample to detect products sublimated from an ice sample upon heating

and/or UV photolysis. Some preliminary results were collected with this setup and
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FIGURE 2.2: The top left image shows experimental setup 1 before
reconstruction, the bottom left image shows experimental setup 2 af-
ter reconstruction, and the right image shows the entire experimental

setup 2 including the new housing structure.

are discussed in Chapter 3.

2.1.2 Emory University Experimental Setup 2

A new design of the SubLIME setup was constructed in late 2018 to improve experi-

mental reproducibility and to incorporate several new analytical techniques. Figure

2.2 shows pictures of the setup before and after the vacuum chamber was rebuilt and

Figure 2.3 shows a detailed schematic of the rebuilt setup, referred to henceforth as

experimental setup 2.

First, a new support structure was built and the setup was removed from the

optics table to allow access to the bottom 8-inch CF port and to improve the sup-

port and stability of the overall setup. Next, the vacuum level was increased to ul-

trahigh vacuum (UHV) conditions to decrease contamination and to improve the

pressure stability during static experiments when the vacuum chamber was iso-

lated from the pumps. The base pressure of the vacuum chamber was decreased to

∼ 1.0× 10−9 Torr by replacing all vacuum connections with UHV CF components.

Next, several new analytical techniques were incorporated to the setup including
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FIGURE 2.3: Schematic of experimental setup 2 after the 2018 rebuild.
Ice samples are formed on a cold substrate depicted at the center of
the vacuum chamber. This setup was originally located at Emory Uni-
versity and has now been relocated to the University of Wisconsin-

Madison.

(1) a Fourier-Transform Infrared (FTIR) spectrometer for spectroscopic analysis of

solid-phase ice samples, (2) a quadrupole mass spectrometer for gas-phase analysis,

(3) a laser interferometer for monitoring sample deposition and sublimation, and

(4) a photoelectron technique to measure UV flux of the photolysis lamp. Lastly,

several components were replaced or updated. The static UV photolysis lamp was

replaced with a microwave-discharge hydrogen-flow lamp to increase the UV pho-

ton flux at the substrate. Refer to Section 2.3.1 for the details of the UV lamp. The

sapphire viewports were replaced with z-cut quartz viewports to increase the spec-

tral power of the mm/submm spectrometer. Figure 2.4 shows a comparison of the

spectral power from 470-700 GHz for the z-cut quartz viewports and the sapphire

viewports and shows that the z-cut quartz viewports transmit more submillimeter

light than the sapphire viewports. The nickel plated substrate was replaced with a

gold plated substrate (Advanced Research Systems, Inc., SHNO-1B) for preforming

reflection absorption infrared spectroscopy (RAIRS) of the ice samples. The ther-

mocouple temperature sensor was replaced with a silicone diode sensor (Scientific

Instruments, SI-410) and the temperature controller was upgraded to a Scientific In-

struments 9700 temperature controller for higher accuracy temperature readout and

control. The pressure gauge controller was upgraded to an Agilent Technologies
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FIGURE 2.4: Comparison of the spectral power of the mm/submm
light source through sapphire viewports (red) and z-cut quartz view-

ports (black) from 470-700 GHz (0.638-0.428 mm).

XGS-600 gauge controller. The pneumatic gate valve was replaced with a manual

gate valve (MDC Precision Products LLC, GV-6000V) for better control when pump-

ing out the vacuum chamber after static experiments. Lastly, the sample inlet line

was rebuilt with a new UHV high-precision gas dosing valve (Pfeiffer Vacuum Inc.,

UDV-046), multiple sample attachments for more than one analyte, and a pumping

line separate from the vacuum chamber.1

2.1.3 NASA GSFC Experimental Setup 3

A new version of the SubLIME setup was recently designed and built at NASA GSFC

and was based on experimental setup 2 originally located at Emory University and

is now located at the University of Wisconsin-Madison. This setup is referred to as

experimental setup 3 henceforth.

The experiment takes place in a custom designed spherical stainless steel vac-

uum chamber (diameter = 12 inches, NorCal Products) and a schematic is shown

in 2.5. A turbopump (Agilent Technologies, TV301 Navigator) located on the bot-

tom 8-inch CF port achieves a base pressure of ∼ 3.0× 10−9 Torr and is backed by

a three-phase rotary vane pump (Edwards, EM30). A closed-cycle-helium cryostat

1In experimental setup 1, the sample line was pumped through the vacuum chamber.
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FIGURE 2.5: Schematic of experimental setup 3 located at NASA
GSFC. Ice samples are formed on a cold substrate depicted at the cen-

ter of the vacuum chamber.

(Advanced Research Systems, Inc., expander model DE210AB) is attached to a 6-

inch CF port located on the front side of the chamber and connects to a helium com-

pressor (Advanced Research Systems, Inc., ARS-10HW). Ice samples are formed by

vapor-deposition on a reflective gold substrate (Advanced Research Systems, Inc.,

SHNO-1B) attached to the cold arm of the cryostat positioned at the center of the

chamber and achieves a base temperature of ∼6 K. The cryostat and sample sub-

strate can be fully rotated 360° while remaining under UHV conditions by a differen-

tially pumped rotary seal (Thermionics Laboratory, Inc., RNN 400-FA). The sample

vapor enters the chamber through a high-precision gas-dosing valve (Pfeiffer Vac-

uum, PF I52 035) and a capillary tube (Pfeiffer Vacuum, PT 418 976-T) that releases

the vapor into the vacuum chamber ∼1 inch above the cold substrate. The ice sam-

ple thickness and deposition rate are monitored via the same laser interferometry

technique used in experimental setup 2. This technique is described in Section 2.2.4.

The temperature of the sample can be varied from ∼6 - 300 K using a temperature

controller (Scientific Instruments, 9700) that measures the temperature with two sil-

icon diodes (Lake Shore Cryotronics, DT-670B-SD) and heats the sample with a 50 Ω

metallized heater (Lake Shore Cryotronics). The first temperature sensor is located

on the tip of the cold arm and the readout is used to control the temperature of the

sample. The second sensor is located on the sample substrate and the readout gives

the sample temperature. A microwave-discharge hydrogen-flow lamp is connected
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to the top port of the vacuum chamber to expose the ice sample to UV photons of

similar energy as the solar and interstellar UV fields. The flux of the UV photolysis

lamp is measured by the same photoelectron technique used in experimental setup

2. For more details of the UV photolysis lamp refer to Section 2.3.1. RAIRS spec-

tra are collected of the ice sample with a FTIR spectrometer. See Section 2.2.2 for

details about the IR technique. A custom designed direct-absorption mm/submm

spectrometer with frequency ranges of 83-1100 GHz, 1.8-1.9 THz, and 2.5-2.6 THz

is used to detect products that sublimate from the ice sample. The mm/submm

spectrometer is described in detail in Section 2.2.1. Lastly, a quadrupole mass spec-

trometer is used in tandem for gas-phase analysis, and is described in Section 2.2.3.

The combination of mm/submm spectroscopy and mass spectrometry allow for the

unambiguous identification of the composition of complex gas mixtures that subli-

mate from processed ice samples.

2.2 Analytical Techniques

2.2.1 Millimeter/submillimeter Spectroscopy

The mm/submm spectroscopic technique used for these studies measures the di-

rect absorption signals of pure rotational transitions of molecules and a detailed

schematic of the spectrometer is shown in Figure 2.6. The spectrometer was custom

designed and has frequency coverage of 70-1100 GHz, 1.8-1.9 THz, and 2.5-2.6 THz

(wavelength coverage: 6.00-0.27 mm, 0.167-0.158 mm, and 0.120-0.115 mm). The

mm/submm light source consists of a microwave analog signal generator (Keysight

Technologies, E82-57D PSG; 250 kHz to 40 GHz), a mini modular signal genera-

tor extender (i.e., mm-wave multiplier) (Virginia Diodes, Inc., WR9.0M-SGX-M (85-

125 GHz) and WR10X3 (70-110 GHz)), and Schottky diode frequency multipliers

(Virginia Diodes, Inc., WR4.3X2, WR2.2X2, WR1.5X3, WR2.8X3, WR1.0X3; 170-1100

GHz). See Figure 2.7 for the specific frequency ranges of the Schottky diode combi-

nations for the WR9.0 base unit.

For the mm/submm spectra presented herein the microwave signal from the

Keysight signal generator was frequency modulated by a sine wave having a 0.2

kHz frequency and a modulation depth of 75 kHz. The signal is multiplied to
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FIGURE 2.6: Schematic of the mm/submm spectrometer comprised
of a microwave signal generator, mm-wave multiplier, multiplier
chains (Schottky diodes), lock-in amplifier, and a cryo-cooled hot-

electron bolometer.

FIGURE 2.7: Schottky diode (i.e., multiplier chain) combinations and
corresponding frequency outputs for the millimeter and submillime-
ter light source from 83-1100 GHz. Information from Virginia Diodes,

Inc.

mm/submm wavelengths when passed through the mm-wave multiplier and the

Schottky diode(s) (i.e., multiplier chains). The mm/submm light beam passed through

the gas sample in the vacuum chamber ∼2 cm above the ice sample. Next, the sig-

nal was detected by a hot-electron bolometer (QMC Instruments, QNbB/PTC) with

a Niobium semiconductor cryo-cooled by an expander (Cryomech, Inc., PT803).

The expander was supplied by a closed-cycle helium compressor (Cryomech, Inc.,
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CP830), and the signal was demodulated via second harmonic detection with a lock-

in amplifier (Stanford Research, SR830 DSP). The lock-in amplifier removes back-

ground spectral noise by destructively interfering with any signals that do not res-

onate with the second-harmonic frequency of the modulated signal. This phase-

sensitive detection (PSD) technique results in second-derivative Gaussian line shapes

as shown on the computer screen in Figure 2.6. A low-pass filter located at the PSD

output removes the unwanted noise signals and the low-pass filter bandwidth was

set by a time constant of 10 ms. Spectral scans were collected with 0.1 MHz resolu-

tion and the number of spectral averages varied based on the detection limit of the

analyte and the time constraints of the individual studies.

Submillimeter Limits of Detection

The limit of detection (LOD) is an instrumental detection limit defined herein as the

lowest gas density at which the spectrometer can detect specific rotational transi-

tions with a signal-to-noise ratio (SNR) of at least 3; therefore, the LOD depends on

the intensity of the specific transition probed and the specific experimental setup

used for the measurement. In general, when determining the LOD for different an-

alytes, five rotational transitions were tested by slowly increasing the analyte par-

tial pressure using the high-precision gas-dosing valve and collecting mm/submm

spectra at each pressure step. The rotational transition with the lowest SNR out of

the five was used to determine the LOD. Knowing the LOD is important for calcu-

lating the plausibility of detecting specific analytes when performing UV-photolysis

experiments.

An example of the LOD measurements for water (H2O) at 556935.99 MHz are

shown in Figure 2.8. For these measurements, the density of H2O vapor was slowly

increased in the vacuum chamber until a SNR of >3 was measured. Table 2.1 lists

several LODs measured for all three experimental setups using the lock-in PSD tech-

nique. Furthermore, the feasibility of implementing a fast-sweep detection tech-

nique was explored and the fast-sweep detection limits of methanol (CH3OH) and

carbon monoxide (CO) are reported in Table 2.1.

The H2O and CH3OH LOD values in Table 2.1 can be used to compare the three

experimental setups. The LOD of H2O and CH3OH were decreased by an order
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FIGURE 2.8: Submm spectra of the 11,0 ←10,1 rotational transition of
H2O at 556935.99 MHz to determine the LOD. The spectra were col-
lected while slowly increasing the density of H2O vapor in the vac-

uum chamber. Each spectrum contains 30 spectral averages.

of magnitude after the 2018 rebuild. Furthermore, The LOD was remeasured for

CH3OH before (Table 2.1) and after the sapphire viewports were replaced with z-

cut quartz viewports to determine if the LOD had improved. The LOD of CH3OH

measured with 30 spectral averages at 627170.48 MHz was 2.9 × 1010 molecules

cm−3 with a SNR of 4.3.

The advantage of fast-sweep detection is the fast data acquisition speed which

allows for thousands of spectral scans to be collected and averaged together. As

demonstrated by the LODs of CH3OH and CO in Table 2.1, lock-in PSD technique

is more sensitive than fast-sweep detection. Another downside of fast-sweep detec-

tion is that the center frequencies of the transitions can appear shifted from their true

value. For example, Figure 2.9 shows the fast-sweep detection of a CH3OH transi-

tion with a center frequency of 627170.48 MHz, but the peak of the absorption signal

was located at ∼627171.24 MHz. The frequency shift becomes larger as the band-

width of the scan is increased making the spectral assignment of complex mixtures

challenging. The fast-sweep technique was only used for the LOD measurements

reported in Table 2.1. The lock-in PSD technique was more sensitive and was used

for all other experiments presented herein.
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TABLE 2.1: Millimeter/submillimeter spectroscopic limits of detec-
tion (LOD)

Analyte Setup LOD Frequency Spectral Averages SNR
(molecules cm−3) (MHz)

H2O 1 2.1×1010 556935.99 30 4.3
H2O 2 1.1×109 556935.99 30 5.6
H2O 3 1.4×109 556935.99 30 3.4
D2O 1 1.7×109 607349.44 30 3.8
CO 2 >2.9×1011 576267.93 60 2.6
CO 2* 1.3×1012 576267.93 10000 5.5
CO 3 1.5×1011 691473.08 30 4.0

CH3OH 1 3.2×1011 616979.87 10 3.0
CH3OH 2 3.1×1010 627170.48 30 8.3
CH3OH 2* 1.9×1011 627170.48 10000 3.1
CH3OH 3 4.4×1010 627170.48 30 3.3
*Fast-sweep detection

FIGURE 2.9: Fast-sweet detection of the 13−1,13 ← 12−1,12 rotational
transition of CH3OH centered at 627170.48 MHz to determine the
LOD. The detected transition was slightly shifted in frequency to

627171.24 MHz due to the fast-sweep technique.

Optical Filter Tests

Optical bandpass filters can be used to reduce unwanted background noise detected

in the mm/submm spectra and to improve the SNR. Several tests were conducted

to assess the level of SNR improvement when using a metal mesh bandpass filter

(Virginia Diodes, Inc.). These tests were conducted in the 600-700 GHz spectral range

with a bandpass filter centered at 630 GHz and a bandwidth of 22.3%. Refer to

Porterfield et al. (1994) for a description of the optical filter design.
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FIGURE 2.10: Left: Noise level comparison of spectra taken with no
filter (blue) vs. filter (red). Standard deviation of the noise decreased
from 592 to 119 when the filter was used. Right: Methanol SNR com-
parison of spectra taken with no filter (blue) vs. filter (red). The SNR
increased from 12 to 22 when the filter was used. 15 spectral averages

were collected for the four scans shown.

Figure 2.10 shows the noise reduction when the signal was passed through the

optical filter compared to when no filter was used (left panel) and a comparison of

the SNR of a methanol (CH3OH) transition centered at 674.99 GHz with the filter

and without (right panel). The standard deviation of the background noise level at

these frequencies was decreased from 592 (no filter) to 119 (filter) and the SNR of the

methanol signal increased from 12 (no filter) to 22 (filter). More filter vs. no filter

comparisons were conducted for varying frequency ranges and transition intensi-

ties. In conclusion, the optical filter greatly improved the SNR when a low number

of spectral averages were collected. Once the number of spectral averages surpassed

∼20 the filter only slightly improved the SNR. Therefore, the use of optical bandpass

filters, such as a metal mesh filter, significantly improves SNR when the collection

of a large number of spectral averages is not practical (e.g., broadband scans with

frequency ranges of >50 MHz).

2.2.2 Infrared Spectroscopy

The experiment utilized FTIR spectroscopy to probe the chemical changes of an ice

sample during energetic processing (i.e., heating and UV photolysis) via the RAIRS

technique. The FTIR spectrometer (ThermoFisher Scientific, Nicolet™ iS50R) con-

sists of a Polaris™ IR source, a step-scan and linear capable Vectra interferometer,
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and an external mercury-cadmium-telluride (MCT) detector. The IR source emits ra-

diation across 4000-500 cm−1 into the interferometer. The IR radiation exits the opti-

cal bench and is reflected and focused into the chamber by aluminum mirrors (Thor-

labs, Inc., PF20-03-G01) and an off-axis parabolic mirror (Thorlabs, Inc., MPD399-

M01). The focused IR light enters the vacuum chamber through a ZeSe viewport

(Kurt J. Lesker Company, VPZL275UZC), travels through the ice sample, reflects on

the gold sample substrate, exits the chamber via a second ZeSe viewport, and is re-

flected and focused into the liquid nitrogen cooled MCT detector by a second off-axis

parabolic mirror (Thorlabs, Inc., MPD129-M01). The detector measures IR radiation

over time and generates an interferogram. The signal is read by the computer and

uses a Fast-Fourier transform to determine the intensities at each IR frequency that

passed through the ice sample.

Molecules can be identified in the IR spectrum by their vibrational transitions, al-

though many molecules have overlapping IR transitions due to possessing the same

functional groups. The amount of IR overlaps increases as the composition of the ice

sample becomes more complex and it becomes very challenging to distinguish each

individual molecule in the ice sample. A remedy for the IR overlaps is to use the

volatility of the molecule as a separation method. In other words, many molecules

rapidly sublimate at different and specific temperatures and if the sublimation pro-

files are well characterized, then a slow sample warm up removes some of the IR

features and molecules can be identified with more confidence. Although, again, as

the composition becomes more complex the sublimation profiles can blend together

and unique identification is still a challenge for many organic molecules. The cou-

pling of a gas-phase analytical technique, such as mass spectrometry, is required to

confirm the compositions of sublimated ice samples.

2.2.3 Mass Spectrometry

Mass spectrometry is commonly used in laboratory studies of cosmic ice chem-

istry and was incorporated to the setup for assisting the gas-phase analysis. Mass

spectrometry is highly sensitive and is capable of quantifying gas-phase molecules

even under UHV conditions (< 10−8 Torr). It is also a useful tool for troubleshoot-

ing contamination and other vacuum issues. The mass spectrometer used in the
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studies herein was a quadrupole residual gas analyzer (Stanford Research Systems,

RGA300). In the mass spectrometer, molecules are ionized upon impact with elec-

trons emitted from a hot filament. The molecular ion typically has a high internal

energy that causes it to break into fragments and the fragments are separated in a

quadrupole mass filter by their mass to charge ratio (m/z). The m/z of the parent

ion is equal to the molecular mass of the compound. Mass spectra can be measured

from 1 to 300 amu2 with a resolution of 0.5 amu.

Mass spectrometry is highly useful for quantifying simple gas mixtures of molecu-

les with different structural backbones, but when molecules of the same mass or

very similar structures are present in a complex gas mixture, many times each indi-

vidual component can not be uniquely quantified without a separation method such

as chromatography, for example. In ice chemistry experiments, the volatility of the

molecule can be used as a separation method, as previously mentioned in Section

2.2.2, but as the gas mixture becomes more complex the unique identification and

quantification of all molecules present in the gas mixture becomes challenging due

to the increasing amount of m/z overlaps in the spectra. SubLIME addresses this

challenge by using IR spectroscopy, mass spectrometry, and the structure-specificity

of pure rotational spectroscopy to unambiguously identify the components of the

gas mixture, and is a highly complementary technique for the decades past of labo-

ratory cosmic ice experiments.

2.2.4 Laser Interferometry

An interferometric technique (Tempelmeyer et al., 1968) was incorporated to the

setup to measure ice sample thickness and deposition/sublimation rates. The ice

sample thickness and deposition rate is monitored by a 670-nm red laser. The laser

diode (Thorlabs, Inc., CPS670F) light enters the vacuum chamber through a fused

silica window (Thorlabs, Inc., VPCH42-A), with a known incidence angle (experi-

mental setup 2 = 29.4◦; experimental setup 3 = 45◦). The laser light beam reflects

from the gold substrate, passes through a second fused-silica window, and is de-

tected by a photodiode (Thorlabs, Inc., DET100A). As the ice sample thickens, the

detected laser intensity oscillates due to constructive and destructive interference

2Atomic mass unit. 1 amu = 1.660540 × 10−27 kg
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between the refracted and reflected light beams. The measured voltage creates an

interference fringe pattern which is used to calculate the ice thickness by the Bragg

equation:

d =
mλ

2
√

n2 − sin2θ
, (2.1)

where m is the number of oscillations, λ is the laser wavelength, n is the real part of

the refractive index, and θ is the incidence angle of the laser. Figure 2.11 shows an

example of ice deposition interference fringes measured during the formation of a

water (H2O) ice sample.

FIGURE 2.11: Ice deposition interference fringes measured during the
deposition of a H2O ice sample.

FIGURE 2.12: Ice sublimation interference fringes measured during
the sublimation of a H2O ice sample at 150 (top) and 155 K (bottom).

The technique can also be used to measure the ice deposition and sublimation

rates. Figure 2.12 shows an example of interference fringes measured during the

sublimation of a H2O ice sample at 150 and 155 K, showing a significant rate increase



23

at 155 K. For more details about the thermal sublimation of H2O ice sample refer to

Chapter 3.

2.3 Energetic Processing of Ice Samples

2.3.1 UltraViolet (UV) Processing

The studies presented herein used a microwave-discharge hydrogen-flow lamp (MD-

HL) to simulate the UV field from the Sun and/or in an interstellar cloud. The pho-

tons entered the chamber through a MgF2 viewport (Kurt J. Lesker Company, VPZL-

275UMEU) and interact with the ice sample at the center of the vacuum chamber. In

experimental designs 1 and 2, the lamp was positioned with an incidence angle of

13◦ at the surface of the ice sample. The lamp was constructed of quartz and had an

F-type configuration. The microwave discharge was delivered to the lamp through

an Evenson cavity powered by a microwave generator (Opthos Intrument Company,

LLC, MPG-4 526). In the experimental design 3, the lamp was positioned perpendic-

ular to the ice sample, had an F-type configuration, and was constructed of quartz.

After the UV photons entered the chamber through the MgF2 window, they trav-

eled through a custom designed Pyrex waveguide (diameter = 1 inch, Kurt J. Lesker

Company) to maximize the photon flux at the ice sample and to minimize photon

collisions on the walls of the vacuum chamber. The microwave discharge was deliv-

ered to the lamp via a McCarroll cavity powered by a microwave generator (Opthos

Instrument Company, LLC, MPG-4M 437). For a detailed description of MDHLs in-

cluding the typical UV emission spectrum for these UV lamps refer to Chen et al.

(2013).

UV Flux Characterization

The UV flux (photons cm−2 s−1) of the photolysis lamp is the amount of UV photons

that bombard the ice surface per second. Several experimental factors can affect the

UV flux of the MDHL, therefore, an in situ measurement of the UV flux is required

during day-to-day experiments to ensure reproducibility.

The photon flux of the UV lamp can be measured throughout the duration of

an experiment via a photoelectron technique described by Fulvio et al. (2014), that
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FIGURE 2.13: Electrical circuit for UV flux measurements.

utilizes the photoelectric effect of a gold wire suspended in the chamber about 1.5

inch above the ice sample. In these measurements, the chamber was incorporated

into an electrical circuit and is shown in Figure 2.13.

When the photons collide with the gold wire (Surepure Chemetals, 99.99% gold,

0.040 inch diameter, 6 inch length) it displaces photoelectrons. The displaced elec-

trons are collected by the chamber and replaced to the gold wire through the circuit.

The circuit current is measured with a picoammeter (Keithley, 6485) and is then con-

verted to flux via Equation 2.2 where Fλ is the photon flux, I is the measured current,

e is the elementary charge, Yλ is the photoelectric yield of gold, and A is the area of

the gold surface.

Fλ =
I

e×Yλ × A
(2.2)

The measured current can become skewed from photoelectrons displaced from

other vacuum chamber components and/or displaced electrons returning to the

gold wire instead of being collected by the chamber. These effects can be minimized

by the application of a bias voltage. When applying an increasing negative bias volt-

age to the gold wire the measured current reaches a maximum, or a "saturation cur-

rent". When the current measurement reaches saturation this signals that all emitted

photoelectrons are being collected by the chamber. The saturation current was mea-

sured for the experimental setup by plotting current vs. bias voltage and is shown

in Figure 2.14. The saturation current was reached when -5 V bias was applied and
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FIGURE 2.14: Measurements of current vs. bias voltage to determine
the bias voltage required to achieve the saturation current.

matches the saturation current measured by Fulvio et al. (2014).

FIGURE 2.15: Relationship between UV flux and microwave power.
The H2 pressure in the flow lamp was 377 ± 2.0 mTorr for these mea-

surements.

There are several factors that can affect the flux of the UV photons at the ice

sample surface. Those factors include the microwave power of the discharge, the

pressure of H2 gas flowed through the lamp, and the distance from the lamp source

to the sample. Several calibration tests were conducted to quantitatively determine

how these factors affected the UV flux. First, the relationship between UV flux and

microwave power was assessed (Figure 2.15). The UV flux was measured at a H2

pressure of 377 ± 2.0 mTorr from 30-100 Watts. The flux of the lamp increased expo-

nentially as the microwave power of the discharge increased. The cavity also heats
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FIGURE 2.16: Relationship between UV flux and the pressure of H2
in the flow lamp. The microwave power was set to 70 W for these

measurements.

up significantly as the microwave power of the discharge increases. Although the

cavity is cooled by a compressed air line, it can be risky to increase the microwave

power above 100 W because if the lamp gets too hot it can melt the O-ring that seals

the lamp or sometimes can even melt the quartz lamp body.

The dependence of the UV flux with respect to the H2 flow pressure was also

assessed (Figure 2.16). The UV flux was measured from ∼300-550 mTorr with the

microwave power set to 70 W. The UV flux increased linearly as the H2 flow pressure

increased. For more details on how the UV flux can be affected refer to the study by

Chen et al. (2013).

UV Photolysis and Photodesorption Experiments

Experiments that involve UV processing are photolysis and photodesorption exper-

iments. UV photolysis experiments are focused on the chemical reactions that occur

while an ice sample is exposed to UV photons for a certain amount of time (i.e., spe-

cific UV fluence). In general, the experiments are carried out as follows. First, an ice

sample is formed at low temperature (∼10 K) via vapor (or gas) deposition. The ice

sample is then photolyzed by exposing it to the UV lamp. The ice sample is moni-

tored during photolysis by collecting IR spectra. Ice-phase photoproducts are then
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identified by their IR vibrational transitions at specific stages of the photolysis pro-

cess. After the photolysis time is complete, the lamp is turned off and the ice sam-

ple can be sublimated and the sublimated gas is then analyzed with mm/submm

spectroscopy to identify and/or to confirm the detection of products proposed to

be present in the IR spectra. Refer to Chapter 4 for an example of this category of

experiment. As UV photons collide with the ice sample they also cause molecules

to desorb via a nonthermal process referred to as UV photodesorption. During the

UV processing the photodesorbed products are analyzed via mass spectrometry and

mm/submm spectroscopy while the ice sample is held at low temperature (∼10-100

K). Refer to Chapter 5 for more details about UV photodesorption experiments.

2.3.2 Thermal Processing

Experiments that involve thermal processing of ice samples typically use a com-

mon surface-science technique called temperature programmed desorption (TPD).

During a TPD experiment, the ice sample is heated with a constant heating rate

and molecules are detected as they sublimate from the ice surface. The technique

was originally designed for the detection of sublimated species via mass spectrom-

etry where the mass spectrometer is set to the specific masses of the analytes and

measured over time. TPD curves are then composed of the mass signal vs. time.

The measured mass signal is proportional to the thermal desorption (or sublima-

tion) rate of the analyte and TPD curves of thermal desorption rate vs. tempera-

ture can be used to calculate the surface binding energy of the analyte. This tech-

nique was adapted for experiments herein by detecting the sublimated species with

mm/submm spectroscopy instead of mass spectrometry (Chapter 3). Thermal pro-

cessing can also consist of a step-wise temperature warmup where the ice sample is

held at a specific temperature(s) for a certain duration during the warmup process.

Examples of this category of warmup are described in Chapter 3.
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Chapter 3

Proof-of-Concept: Submillimeter

Spectroscopic Detection of

Sublimated Ice Samples

This chapter was reprinted, with minor adjustments, with permission from the au-

thors of K.M. Yocum, H.H. Smith, E.W. Todd, L. Mora, P.A. Gerakines, S.N. Milam,

S.L. Widicus Weaver. (2019) "Millimeter/Submillimeter Spectroscopic Detection of

Desorbed Ices: A New Technique in Laboratory Astrochemistry." J. Phys. Chem. A,

123, 40, 8702–8708.

3.1 Introduction

Interstellar ice chemistry has been studied extensively through computational and

laboratory studies, but after decades of research, we do not have fully-quantitative

laboratory desorption data on species formed within icy dust grain mantles. The pri-

mary means of characterizing desorbed species is through mass spectrometry, and

while this technique is extremely sensitive, it cannot be used to study most struc-

tural isomers or varying conformers of a given species due to mass overlaps. Many

researchers use isotopic substitution to distinguish between isomers, but it has been

shown that isotopologue desorption yields can differ significantly. For example, the

laboratory study by Cruz-Diaz et al. (2017) reported a higher photodesorption yield

for water (H2O) at 8 K – (1.3±0.2) × 10−3 molecules photon−1 – than for deuterated

water (D2O) – (0.7±0.1) × 10−3 molecules photon−1. Furthermore, in the case of
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conformer analysis, even isotopic substitution will not be helpful in distinguishing

various product channels. Isotopic substitution coupled with mass spectrometry is

the most sensitive technique for determining compositions of ices desorbed during

warm-up, but it is not always optimal when studying the chemical details of the

photodesorption mechanism.

An in-situ laboratory technique that is capable of probing the thermal desorp-

tion of ices is molecular spectroscopy – specifically rotational spectroscopy, which

is structure-specific and highly sensitive. Rotational spectroscopy is the primary

method used in remote observations to study species desorbed from interstellar

dust grains and cometary comae. Hence, laboratory-measured rotational spectra

are directly comparable to those collected via ground- and space-based telescopes

at these wavelengths. Although rotational spectroscopy has less-sensitive detection

limits than mass spectrometry, gas-phase rotational spectroscopic techniques com-

plement the results of more traditional laboratory approaches to studying interstel-

lar and cometary ice analogs (e.g., mass spectrometry, IR spectroscopy). Remark-

ably, despite its prolific use in molecular identification for observational astronomy,

to our knowledge there are no reported studies of laboratory spectroscopic detec-

tions of desorbed ice species in the millimeter and submillimeter (mm/submm) re-

gion. This work demonstrates an experimental technique designed for analyzing

desorbed species from ices using mm/submm spectroscopy. The main goals of us-

ing this technique are (1) to aid in the distinction of structural isomers that desorb

from laboratory ices and (2) to produce spectroscopic results that are directly compa-

rable to observational data from mm/submm (including far-IR) telescopes. Herein

the details of the experimental design and performance are described, and the re-

sults for thermally desorbed ices composed of water (H2O and D2O) or methanol

(CH3OH) are reported.

3.2 Background

3.2.1 Comparison of Laboratory Techniques

Traditional laboratory studies of interstellar ice chemistry have been conducted at

IR wavelengths and are often complemented with mass spectrometry (Abplanalp et
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al., 2019; Allamandola et al., 1988; Greenberg et al., 1972; Hudson et al., 1991; Öberg

et al., 2009b). The IR-active vibrations of complex molecules show significant spec-

tral overlap due to functional groups they have in common, making unique iden-

tifications difficult without complementary mass spectrometric (MS) results. More-

over, mass spectrometers are extremely sensitive, and they can measure trace species

present under ultra-high-vacuum (UHV) conditions (P <10−8). Even so, the coupling

of IR and MS cannot decipher between some structural isomers. For example, glyco-

laldehyde (HCOCH2OH) and methyl formate (HCOOCH3), both with a mass of 60

amu. This method is also unable to distinguish between the methanol photodissoci-

ation products CH3O and CH2OH. As such, the traditional technique of coupling IR

spectroscopy with mass spectrometry is not always sufficient to distinguish between

all desorbed molecules of interest.

The technique presented in this work addresses this limitation of laboratory ice

studies, because rotational spectroscopy is structure-specific and employs a high

spectral resolution (0.1 MHz), enabling distinct identifications of each species from

their unique, pure rotational spectrum, with no spectral or mass signal overlaps. Im-

plementation of rotational spectroscopic analysis of desorbed ice species has the po-

tential to significantly advance studies in laboratory astrochemistry and can provide

a a greater understanding of the observed abundances of complex organic molecules

throughout the universe.

3.2.2 Thermal Desorption of Water and Methanol Ice Samples

Water is the most abundant constituent of observed interstellar and cometary ices

(Boogert et al., 2015; Gibb et al., 2004; Lecacheux et al., 2003; Öberg et al., 2011).

Many laboratory studies of the thermal desorption of water ice have been reported

and will be briefly discussed herein. Table 3.1 lists the kinetic parameters for the ther-

mal desorption (i.e., sublimation) of water ice collected by temperature-programmed

desorption (TPD) and quartz-crystal microbalance (QCM) methods as reported in

previous studies. The substrate compositions, deposition temperatures, and heating

rates are also listed.

The surface binding energies range from 0.41 to 0.60 eV, with most values lying

closer to 0.41 eV. A thorough discussion of the differences in binding energies that
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TABLE 3.1: An overview of the thermal desorption kinetic parameters
of previous H2O ice studies.

Surface Desorption Substrate Deposition Heating Rate Reference
Binding Energy (eV) Order Temperature (K) (K s−1)

0.48 ± 0.03 0 ± 0.25 HOPG* 0.25-2.0 Ulbricht et al., 2006
0.41 ± 0.01 0.26 ± 0.02 HOPG* 90 0.50 ± 0.01 Bolina et al., 2005b
0.60 ± 0.01 0 Ru(001) 160 Isothermal Smith et al., 2003
0.50 ± 0.01 0 Gold 10 0.02 Fraser et al., 2001
0.5 ± 0.01 0 Ru(001)/Au(111) 0.6 Speedy et al., 1996

0.45 ± 0.03 0 Graphite(0001) 85 2.5 Chakarov et al., 1995
0.45 ± 0.03 Gold coated QCM 60 0.02 Sack et al., 1993

0.52 0 Sapphire Isothermal Haynes et al., 1992
0.44 ± 0.004 1 CsI 10 0.03 Sandford et al., 1988

*Highly Oriented Pyrolytic Graphite

results from different experimental techniques can be found in the review by Burke

et al. (2010). In Section 3.4.1, we compare our results for H2O using the mm/submm

technique to those listed in Table 3.1.

Previous studies also have been performed for deuterated water (D2O). Although

the desorption processes for H2O and D2O are analogous, their parameters (i.e.,

binding energies, desorption yields) are not the same. Schmitz et al. (1987) were the

first to show an isotope effect in water desorption when they examined the thermal

desorptions of solid H2O and D2O from a Ru(001) surface. Other water isotopo-

logues have been studied, including D18
2 O (Chaix et al., 1998) and H18

2 O (Smith et al.,

2003). The work presented here focuses on D16
2 O and demonstrates our ability to

detect isotopologues at their distinct frequencies.

The work presented here also includes the thermal desorption of solid methanol

(CH3OH). The thermal desorption of CH3OH has been studied extensively (Bolina

et al., 2005a; Green et al., 2009; Nishimura et al., 1998; Sandford et al., 1993; Ulbricht

et al., 2006; Wolff et al., 2007) and an in-depth discussion of these studies can be

found in the review by Burke et al. (2010). Methanol is a significant molecule in

astrochemistry because it is abundant in interstellar ices (Öberg et al., 2011) and is the

chemical starting point for many larger organic molecules upon energetic processing

(2021 and references therein).

The work presented here focused on benchmarking experiments on the thermal

desorption of water (H2O), given the extensive amount of existing literature related

to H2O desorption available for comparison. Measurements were also extended

to include studies of solid D2O and CH3OH to provide a more complete proof-of-

concept.
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3.3 Experimental Methods

The studies reported in this chapter were performed in experimental setup 2 de-

scribed in Chapter 2 Section 2.1.2 and a detailed schematic can be found in Figure

2.3. The gas-phase products of thermally desorbed ice samples were detected using

the mm/submm spectrometer described in Chapter 2 Section 2.2.1 and a detailed

schematic of the custom designed spectrometer is shown in Figure 2.6. A Teflon lens

(ThorlabsTM) collimated the light through a sapphire view-port. The mm/submm

light passed ∼1-2 cm above the ice sample, exited the chamber through a second

sapphire viewport, and was focused via a second Teflon lens into the cryo-cooled

THz bolometer. Lastly, a lock-in amplifier was used to increase the signal-to-noise

ratio. The input radiation was frequency-modulated at 0.2 kHz and a lock-in am-

plifier was used for phase-sensitive detection, resulting in second-derivative line

shapes. Spectra were recorded with a resolution of 0.10 MHz and the spectrometer

was controlled using a custom designed data acquisition software.

3.3.1 Thermal Desorption of Ice Samples

The experimental procedure for studying thermal desorption was analogous to a

traditional TPD experiment, but with one difference: the desorbed species were de-

tected with mm/submm spectroscopy instead of mass spectrometry. The ice sam-

ples were formed at 12 K by slowly leaking a vapor into the chamber at ∼5×10−7

Torr. The vapor entered the chamber about 1 inch above the gold substrate through

a capillary tube connected to a high-precision gas dosing valve. Next, the ice sam-

ples were heated from 12-200 K at a 1 K min−1 rate and the rotational absorption

signal of the thermally-desorbed species were recorded as a function of time and

temperature.

3.4 Results and Discussion

3.4.1 Thermal Desorption of H2O, D2O, and CH3OH

Figure 3.1 shows the submm spectra for thermally desorbed H2O, D2O, and CH3OH

ice samples. Thermal desorption traces of desorption rate vs. temperature were
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constructed for H2O (see Figures 3.3 and 3.4). Thermal desorption traces for three

different ice thicknesses are shown in Figure 3.3. These spectra were collected from

100 – 200 K at 5 K increments. A relative thermal desorption rate was obtained

from the peak absorption of each rotational transition at a given temperature by the

following method. The peak intensity, I(T), of the rotational transition is directly

proportional to the thermal desorption rate, R, and the loss of ice molecules over

time, − dN
dt :

I(T) ∝ R ∝ −dN
dt

(3.1)

and

−dN
dt

= NAexp(
−Edes

kBT
) (3.2)

where N is the number of molecules in the ice, A is the pre-exponential factor, Edes is

the ice surface binding energy, kB is the Boltzmann constant, T is the temperature in

Kelvin, and a first-order desorption process was assumed. By plotting the relative

thermal desorption rate obtained from the peak absorption signal versus inverse

temperature, Edes can be calculated from an exponential fit (see Figure 3.5).

To verify the linear proportionality between absorption intensity, I(T), and des-

orption rate, R, (Eq. 3.2), a quantitative thermal desorption rate was determined by

isothermally desorbing 1.6 µm H2O ice samples at 150, 155, 162, 165, 168, and 170 K.

Interference fringes were measured using the 670-nm laser diode. The thermal des-

orption rate at each temperature was calculated in µm s−1. The submm absorption

intensities at these temperatures were then plotted against the µm s−1 desorption

rates (see Figure 3.2). A linear best fit gave the calibration equation

I(T) = 1.264× 106(R) + 126.5 (3.3)

and an R2 of 0.99.

For this new technique, it may be more useful to calibrate the thermal desorption

rate with respect to the number density of the desorbed gas-phase products. For this

calibration, the density of H2O molecules was measured using a mass spectrometer
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(a) H2O

(b) D2O

(c) CH3OH

FIGURE 3.1: (a) Spectra of the 11,0 ←10,1 rotational transition of ther-
mally desorbed H2O at 150-170 K. (b) Spectra of the 11,1 ←00,0 rota-
tional transition of thermally desorbed D2O at 170-195 K. (c) Spectra
of the 13−1,13 ←12−1,12 rotational transition of thermally desorbed

CH3OH at 160-180 K.
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FIGURE 3.2: Linear relationship between the submm peak absorption
intensity and the thermal desorption rate of a H2O ice sample.

from 150 – 180 K. This calibration corrects for the effective pumping speed (EPS) of

the chamber and the gas-phase species that recondense onto the cryostat. First, the

density of H2O (molecules cm−3) was multiplied by the EPS (cm3 s−1) and divided

by the volume of the chamber (cm3). Next, the rate of which the cryostat removes

H2O from the chamber was added to the EPS calibrated thermal desorption rate

(molecules cm−3 s−1). The rate of which molecules condense onto the cryostat was

measured by simply introducing a known density of H2O vapor into the chamber

with the gate valve closed, and the density of H2O was measured over time with

the mass spectrometer. These measurements were performed across the thermal

desorption window of H2O ice (145-180 K). The recondensation rate was the same

across this temperature range. The submm absorption intensity, I(T), was then plot-

ted against R in molecules cm−3 s−1 to determine the desorption rate calibration

function

I(T) = 3.04× 10−9(R)− 4.37, (3.4)

and a R2 value of 0.99. The calibrations reported in Eq. 3.3 and 3.4 are necessary for

future reports of quantitative values of desorbed species (e.g., gas-phase concentra-

tions).
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Since this is the first report of detecting thermally desorbed ice samples spectro-

scopically, no previously reported studies offered a direct comparison. The spectro-

scopic method used here differs from TPD experiments simply because it monitors

the center frequency of a rotational transition instead of a mass signal. Nonetheless,

the data were analyzed in a similar manner as TPD data to determine Edes. The bind-

ing energy reported here for H2O matched those reported by several others within

experimental error (see Table 3.1) (Chakarov et al., 1995; Fraser et al., 2001; Haynes

et al., 1992; Sack et al., 1993; Speedy et al., 1996; Ulbricht et al., 2006).
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FIGURE 3.3: Thermal desorption curve of 0.86, 0.66, and 0.43 µm H2O
ice samples.

In Figure 3.3 the thermal desorption curves of the 0.86, 0.66, and 0.43 µm ice H2O

ice samples all peak at the same temperature, 165 K, suggesting first-order kinetics

(Fraser et al., 2001). However, it has been shown that fractional-order kinetics bet-

ter describes hydrogen-bonded systems including water (Bolina et al., 2005b; Smith

et al., 1996) and alcohols including methanol (CH3OH) and ethanol (CH3CH2OH)

(Bolina et al., 2005a; Nishimura et al., 1998; Wu et al., 1993). Furthermore, a study

by Green et al. (2009) showed that at low methanol coverages, thermal desorption

demonstrates fractional order, and at high coverages the desorption follows zero-

order kinetics. Here the desorption order was not quantitatively determined because

the ice coverage was not quantified.

The thermal desorption curve of a thicker ice, 1.6 µm, is shown in Figure 3.4.
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The thermal desorption curve shown in Figure 3.4 was produced using the same

procedure as mentioned previously by monitoring the intensity of the 11,0 ←10,1 ro-

tational transition of thermally desorbed H2O over time as the ice sample was heated

from 12-190 K at a 1 K min−1 rate. The mass signal at 18 amu was simultaneously

monitored with a mass spectrometer.

FIGURE 3.4: Thermal desorption curve of a 1.6 µm H2O ice detected
with the mm/submm spectrometer (black) and the mass spectrome-
ter (green). The mass signal was multiplied by 1010 to be scaled to the

intensity of the spectroscopic signal.

There are three noticeable features that appear in the thermal desorption curve

in Figure 3.4 at ∼160, 173, and 178 K. These features result from phase changes of

the solid water ice sample. A peak at ∼150-160 K has been reported several times in

the literature as being present in water thermal desorption curves and corresponds

to the phase change from amorphous solid water to cubic crystalline ice (Bolina et

al., 2005b; Dohnlek et al., 1999; Smith et al., 1997; Smith et al., 1996; Speedy et al.,

1996). A higher temperature phase transition at 175 K from cubic crystalline ice to

hexagonal ice was seen in the desorption trace of the 0.86 µm ice in Figure 3.3 and at

∼178 K in the 1.6 µm trace in Figure 3.4. Bolina et al. (2005b) were the first to observe

this phase transition in their TPD studies of a thermally desorbed water ice sample

from highly oriented pyrolytic graphite (HOPG). By 180-185 K, the 1.6 µm ice sam-

ple was completely sublimated. Figure 3.4 also displays a comparison to a thermal

desorption curve measured with a mass spectrometer at 18 amu. The peak thermal

desorption rates, phase transitions, and final and initial detections occur at the same
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temperatures in both curves. Therefore, measuring thermally desorbed species with

the mm/submm spectroscopy method put forth here is directly comparable to the

well-established mass spectrometric TPD method. Furthermore, the surface binding

energy (Edes) was calculated by plotting the relative thermal desorption rate versus

inverse temperature. The exponential fit to these data yielded Edes (see Figure 3.5).

FIGURE 3.5: Thermal desorption rate versus inverse temperature for
the 1.6 µm H2O ice. The exponential fit to determine Edes is shown in

red.

The binding energy calculated from the exponential fit in Figure 3.5 was 0.45 ± 0.06

eV. The average binding energy after repeating this experiment five times was 0.47

± 0.02 eV.

This new technique can also be used to determine the sublimation enthalpy, ∆H,

of ice samples over specific temperature ranges using the Clausius-Clapyron equa-

tion

PV = e
−∆G

RT . (3.5)

In Eq. 3.5, PV is vapor pressure, ∆G is the free energy of sublimation, R is the ideal

gas constant, T is temperature, and

∆G = ∆H − T∆S, (3.6)

where ∆H is the sublimation enthalpy and ∆S is the sublimation entropy. Rear-

rangement of Eq. 3.5 gives the linear form of the Clausius-Clapyron equation
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ln(PV) = −
∆H
RT

+
∆S
R

, (3.7)

By plotting ln(PV) versus 1/T the sublimation enthalpy can be obtained from the

slope, and the entropy from the y-intercept of the best fit line (see Figure 3.6). The

Knudsen equation was used to derive the vapor pressure for temperatures of 145-

175 K:

R =
PV√

2πMkBT
, (3.8)

where R is the desorption rate and M is molecular mass. The linear fit in Figure

3.6 had an R2 value of 0.99 and the sublimation enthalpy and entropy were 0.286 ±

0.006 eV and 0.00127 ± 0.00004 eV, respectively.

FIGURE 3.6: Clausius-Clapeyron relationship for a 1.6 µm H2O ice
from 145 - 175 K to determine ∆H and ∆S.

Although the results using this new technique matched literature values within

experimental error, the detection limits of mass spectrometry are lower than submm

spectroscopy. Therefore, using this technique for determining kinetic parameters

is not recommended over mass spectrometry unless one is studying species of the

same mass which cannot be distinguished. Nonetheless, the agreement between the

two techniques shows that the new method provides a valuable path forward for

studying interstellar and cometary ice chemistry when infrared and mass spectro-

metric analysis does not provide sufficient means for identifying products.
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3.5 Conclusions and Future Work

This study presented a new laboratory technique for detecting thermally desorbed

ice samples. This is the first known report of detecting sublimated molecules from

laboratory ices spectroscopically at mm/submm wavelengths. This technique is

powerful in that it is capable of distinguishing isomeric products that may form

during the thermal desorption of ice samples, and the submm spectra are directly

comparable to observational data from far-infrared and millimeter observatories.

This work has shown proof-of-concept for analyzing thermally desorbed ice sam-

ples with mm/submm spectroscopy by presenting submm spectra of thermally des-

orbed H2O, D2O, and CH3OH ice samples. Future efforts will focus on optimizing

the detection of UV-photodesorbed products of H2O and CH3OH ice samples. The

focus for these future experiments will be on the detection of the photodesorbed

radicals including OH.
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Chapter 4

Structure-Specific Identifications of

Products of UV-photolyzed

Methanol Ice with SubLIME

This chapter was reprinted, with minor adjustments, with permission from the au-

thors of K.M. Yocum, S.N. Milam, P.A. Gerakines, S.L. Widicus Weaver. (2021)

"Sublimation of Laboratory Ices Millimeter/Submillimeter Experiment (SubLIME):

Structure-Specific Identifications of Products of UV-photolyzed Methanol Ice" Astro-

phys. J., 913, 61.

4.1 Introduction

In cold dense interstellar clouds, icy dust grains are constantly bombarded with dif-

ferent forms of radiation that alter the molecules in the ice by ionizing them and/or

breaking them down into radicals. Those species recombine in different configura-

tions that in many cases result in more complex molecules than the original reac-

tants. Those products can then be ejected into the gas phase by different physical

processes, including, but not limited to, heating from nearby protostar formation,

photodesorption caused by exposure to ultraviolet (UV) photons, reactive desorp-

tion, and sputtering from cosmic ray collisions. In this way, there exists a close

connection between ice chemistry and the gas compositions of interstellar clouds,

a relationship that remains only poorly understood. Furthermore, several volatile

organics that have been detected in the interstellar medium (ISM) have also been
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detected in comets, in some cases with similar abundance ratios (Bockelée-Morvan

et al., 2000; Drozdovskaya et al., 2018; Rubin et al., 2019b), providing evidence for

the preservation of organic species from the earliest stages of star formation to their

incorporation in comets and other icy solar system bodies such as Kuiper Belt Ob-

jects (KBOs).

Laboratory studies have demonstrated the importance of ice surface chemistry

for complex organic formation in the ISM by providing necessary information (e.g.,

reaction rate constants, surface binding energies, formation mechanisms, branching

ratios) to improve the accuracy of computational models (Abplanalp et al., 2016;

Bergantini et al., 2018; Paulive et al., 2020; Shingledecker et al., 2018a). Methanol

(CH3OH), plays an important role in this chemistry, because once dissociated it pro-

vides functional groups CH3, OH, CH3O, and CH2OH that can be used to build

larger organics, and it is abundant in both interstellar and cometary ices. Laboratory

studies of the energetic processing (e.g., UV photolysis, electron and proton irradia-

tion) of ices containing methanol have predicted formation pathways for larger or-

ganics such as ethanol (CH3CH2OH) (Abou Mrad et al., 2016; Henderson et al., 2015;

Öberg et al., 2009a), dimethyl ether (CH3OCH3) (Abou Mrad et al., 2016; Öberg et al.,

2009a), methyl formate (HCOOCH3) (Abou Mrad et al., 2016; Gerakines et al., 1996;

Henderson et al., 2015; Öberg et al., 2009a), glycolaldehyde (HOCH2CHO) (Hender-

son et al., 2015; Öberg et al., 2009a), acetic acid (CH3COOH) (Abou Mrad et al., 2016;

Öberg et al., 2009a), and many more upon sample warm-up. Many of these products

are structural isomers built from the key functional groups of methanol.

The most common laboratory technique for gas-phase detections following ice

sublimation is electron-ionization mass spectrometry, but the similarities in chemi-

cal structures between these products results in crowded mass spectra riddled with

overlapping features. Coupling with gas chromatography provides a potential res-

olution of this issue, but the components of the sample must be known in order

to determine the appropriate separation conditions for analysis (Abou Mrad et al.,

2014). Therefore, laboratory studies require structure-specific techniques to distin-

guish and quantify structural isomers (e.g., C2H6O and C2H4O2) and to potentially

uncover the carriers of as-yet-unassigned features of complex organic species in as-

tronomical observations.
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Rotational spectroscopy is a highly useful technique for measuring the composi-

tions of complex gas mixtures. Gas-phase spectroscopy has been demonstrated as an

in-situ detection method for desorbed laboratory ices at submillimeter/far-IR wave-

lengths (Yocum et al., 2019) and at microwave wavelengths (Theulé et al., 2020). Not

only is this a non-invasive technique (i.e., the experimental and/or sample condi-

tions are unaltered), but radio and far-IR spectroscopies are the most widely-used

remote sensing techniques for probing the gas-phase compositions of interstellar

clouds, cometary comae, and planetary atmospheres. The work presented here ex-

pands upon the submillimeter spectroscopic technique put forth by Yocum et al.

(2019) by demonstrating the detection capabilities for sublimated UV photoproducts

of methanol ice including the unique detections of the structural isomers C2H4O,

C2H6O, and C2H4O2. Secondly, the temperatures and densities of the detected pho-

toproducts were determined via a rotation diagram analysis and compared to as-

tronomical observations of complex organics detected in interstellar and cometary

sources.

4.2 Experimental Techniques

All reported experiments were conducted in experimental setup 2 described in Chap-

ter 2 Section 2.1.2. The experimental setup consists of an ultra-high vacuum (UHV)

chamber with a base pressure of ∼ 1 × 10−9 Torr. For the experiments performed

here, ice samples were created at 12 K on a gold substrate attached to a closed-cycle

helium cryostat and then were exposed to UV photons. After UV photolysis, the

valves to the pumps were closed and the ices were heated slowly to 300 K in or-

der to fully sublimate the sample and trap it in the vacuum chamber. The subli-

mated species were then detected with submillimeter/far-IR spectroscopy to iden-

tify chemical products. Furthermore, a rotation diagram analysis was performed for

each individual product to determine the rotational temperatures and gas densities

relative to the amount of methanol detected. Each of these steps are presented in

detail in the following sections.
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4.2.1 Ice Sample Creation

The methanol ice samples were formed by vapor deposition onto the cold substrate

through a high-precision gas-dosing valve. The vapor enters the chamber approxi-

mately one inch above the substrate through a capillary tube (1/32-inch inner diam-

eter) attached to the gas-dosing valve. The overall pressure of the chamber reached

1.0 × 10−7 Torr for 20 min. during deposition. The vapor was evaporated from

99.9% HPLC grade liquid methanol (Fisher Scientific, A452-4) that was degassed by

three freeze-pump-thaw cycles. After an ice sample was formed, the chamber was

pumped until the pressure returned to the base pressure at the start of the experi-

ment.

4.2.2 UV Photolysis and Thermal Processing of Ice Samples

The ice samples were exposed to the output of a microwave-discharge hydrogen-

flow lamp (MDHL) that simulated the UV radiation field present in an interstellar

cloud. The photons enter the chamber through a MgF2 ConFlatTM viewport with an

incidence angle of 13◦ at the surface of the ice. The MDHL has an F-type configu-

ration and is constructed of quartz. Hydrogen gas was flowed through the lamp at

pressures of∼ 450 mTorr and an Evenson cavity was used to spark a microwave dis-

charge across the quartz lamp body. For all experiments, the microwave generator

(Opthos MPG-4 526) forward power was 100 Watts and reflected power was ∼ 0-2

Watts. For a detailed description of MDHLs including the typical UV emission spec-

tra for these UV lamps refer to Chen et al. (2013). The average flux of the UV lamp

was 6.0 ± 1.0 × 1013 photons cm−2 s−1, as was measured throughout the duration

of one experiment via the technique described by Fulvio et al. (2014), utilizing the

photoelectric effect of a gold wire suspended in the chamber about one inch above

the ice sample. The methanol ice sample was photolyzed for one hour, exposing the

sample to a total fluence of 2.2 ± 0.35 × 1017 photons cm−2.

After the methanol ice samples were photolyzed, the UV lamp was turned off,

the valve to the pump was closed, and the sample was slowly heated from 12 to 300

K at 1 K min−1. The cryostat was turned off during the sample warm-up to avoid

recondensation. Infrared spectra of the ice samples were collected simultaneously
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with mass spectra of the species that desorbed during the sample warm-up. These

spectra were obtained in 10 K increments.

4.2.3 Infrared Spectra of Methanol Ices

The methanol ice samples were monitored using IR spectroscopy during the UV

photolysis and the warm-up procedure. IR spectra were collected with a Thermo

Scientific NicoletTM iS50 FTIR spectrometer via the reflection-absorption infrared

spectroscopy (RAIRS) technique. The IR beam enters the chamber through a ZeSe

viewport (Kurt J. Lesker) with a ∼ 77◦ angle of incidence where it is reflected from

the gold surface, exits the chamber through a second ZeSe viewport, and is detected

by a liquid-nitrogen cooled mercury-cadmium-telluride (MCT) detector.

IR spectra were collected in 10-min intervals during photolysis from the MDHL.

After being photolyzed, the ice samples were slowly heated to 300 K and IR spectra

were collected every 10 K to determine the temperatures at which specific IR features

changed and to ensure full sublimation of the ice sample.

4.2.4 Submillimeter/far-IR Spectra of Sublimated UV-Photolyzed Methanol

Ices

A thorough description of the millimeter/submillimeter/far-IR spectrometer has

been given in Chapter 2 Section 2.2.1. In brief, the spectral range covers 70-1000

GHz, 1.8-1.9 THz, and 2.5-2.6 THz. The setup uses lock-in amplification to improve

signal-to-noise ratio. The input radiation was frequency-modulated at 0.2 kHz with

a modulation depth of 75 kHz. This is a phase-sensitive detection technique which

results in 2f spectral line shapes. All spectra were collected with 0.1-MHz resolution,

and the number of spectral averages varied based on the experimental approach

(broadband vs. targeted searches) and the detection limits of the molecules of inter-

est.

Gas-phase direct-absorption submillimeter/far-IR spectra were collected for the

molecules sublimated from the UV-photolyzed methanol ice samples. By closing

the gate valve between the chamber and the turbomolecular pump, the sublimated

products were trapped in the main vacuum chamber while spectra were measured.



46

While the system remained at ∼ 300 K, broadband spectra were collected between

758-926 GHz and any absorption peak with a signal-to-noise ratio ≥ 5 was consid-

ered a detection.

After identification of several photoproducts from the broadband submillime-

ter spectra, more sensitive, targeted searches were carried out to search for weaker

species that may have been present. The targeted searches spanned ∼ 10 MHz-wide

spectral windows with the specific transition frequency of a given species set at the

center of the spectral window. The number of spectral averages varied for each tar-

geted search, based on the spectral power at a given frequency, the intensity of the

peaks of the specific species, and its relative abundance. Some detections only re-

quired 30 averages while others required up to 200 averages. The selected rotational

transitions were determined based on a list of criteria: spectral power, reported in-

tensity of the target transition, and lack of overlap with methanol or potential photo-

products. It is important to note that the spectrometer does not generate consistent

power across the entire 70 - 1000 GHz range. There are several small regions where

there was little to no power produced by the light source. The output spectral power

was therefore the first criterion for potential detection, and only regions with suffi-

cient power in this system were selected. Secondly, the detection limits of this tech-

nique in terms of peak intensity were determined throughout the project for each

specific product. Lastly, complex mixtures have submillimeter spectra that can be

crowded, causing blending between different transitions of varying products. With

all three of these criteria in mind, the selected transitions correspond to the combi-

nation of highest spectral power + largest peak intensity + resolved transitions.

4.2.5 Standards and Background Tests

Molecular standards were used for spectral assignments in the solid-phase RAIRS

spectra and in the gas-phase submillimeter/far-IR spectra. The IR spectra were

assigned by comparison to reference FTIR spectra of acetaldehyde (Hudson et al.,

2019), acetone (Hudson et al., 2018), acetic acid, dimethyl ether (Hudson et al., 2020),

ethanol (Hudson, 2017), ethylene glycol (Hudson et al., 2005), formaldehyde (Ger-

akines et al., 1996), formic acid, glycolaldehyde (Hudson et al., 2005), and methyl
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formate (Modica et al., 2010). The majority of the spectral assignments for the gas-

phase spectra were aided by simulated spectra from online spectral databases in-

cluding the JPL1 and CDMS2 catalogs. Molecular searches were also conducted

through comparison with Splatalogue3, which combines spectral catalog informa-

tion from multiple spectral databases.

Gas-phase reference spectra were collected of acetaldehyde due to several miss-

ing transitions in the online databases and the large uncertainties of the transition

frequencies that are reported. These reference spectra were collected by adding a

small amount of acetaldehyde vapor into the chamber. The chamber was filled to ∼

1.0 mTorr, and spectra were collected over all spectral windows to confirm that peaks

assigned to other photoproducts were not those of acetaldehyde. Reference spectra

were also collected for methanol, even though the spectral catalogs for methanol

and its isotopologues are thoroughly studied. This was done to verify that no higher

vibrational states of methanol and its isotopologues were present, considering the

spectral catalogs were calculated for v = 2 and lower. Therefore, all detections re-

ported were checked against methanol and acetaldehyde reference spectra.

Two submillimeter background tests were conducted to ensure that all of the de-

tected transitions originated from species desorbed from the photolyzed methanol

ice sample and not from residual gases in the vacuum chamber. The first test in-

volved experiments that replicated the UV photolysis and warm-up procedure with

no ice sample present to ensure all detected photoproducts came from the pho-

tolyzed ice. From this test, the only background contamination detected by the

millimeter/submillimeter/far-IR spectrometer after warm-up was a small amount

of carbon monoxide, CO. No CO was detected by the FTIR spectrometer at a sub-

strate temperature of 12 K. The origin of background CO was likely due to out-

gassing of the chamber walls and other chamber components when the gate valve

was closed to the pumps. The second background test was conducted to confirm that

no photoproduct transitions were detected without exposure to UV radiation. These

experiments replicated the ice deposition and warm-up procedures without running

the UV lamp. The only background contamination, again, was a small amount of

1spec.jpl.nasa.gov
2cdms.astro.uni-koeln.de/classic
3splatalogue.online

spec.jpl.nasa.gov
cdms.astro.uni-koeln.de/classic
splatalogue.online
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CO. This background CO was quantified and subtracted from the experimental data

presented here. Mass spectrometer background scans at the beginning of daily ex-

periments showed trace amounts of H2, H2O, CO, and CO2 (less than ∼ 3.2 × 107

molec. cm−3).

4.3 Results and Analysis

Several photoproducts were produced in the 12 K ice sample after the one-hour UV-

photolysis and were detected with the FTIR spectrometer. The submillimeter spec-

troscopic detection of additional photoproducts occurred after the ice warm-up to

300 K under static vacuum. In this section, the photoproducts detected in the ice

at 12 K are presented in Section 4.3.1, changes in the IR spectra during ice warm-

up from 12 to 300 K are presented in Section 4.3.2, all photoproducts detected after

warm-up to 300 K are presented in Section 4.3.3, and their respective rotational-

diagram analyses can be found in Section 4.3.4.

4.3.1 Low Temperature UV Photolysis at 12 K

Chemical changes of the methanol ice were captured in IR spectra every 10 min.

as the ice sample was photolyzed for one hour. Figure 4.1 shows IR spectra of the

background before ice deposition (No ice), methanol ice before (0 min), during (10-

50 min), and after (60 min) the one-hour UV exposure.

In Figure 4.1, the large methanol peak at 1044 cm−1 decreased significantly as

the UV fluence increased, confirming the photodestruction of methanol. Several IR

features appeared as the UV fluence increased as well. Over the one-hour exposure,

these features continually increased in absorbance. Figure 4.2 shows the spectrum of

the methanol ice before and after photolysis in the 1400-800 cm−1 range to highlight

IR features that arise primarily from larger organics. See Table 4.1 for a list of IR

assignments.

Many of the features listed in Table 4.1 have more than one possible carrier and

are indistinguishable without further studies, such as isotopic substitution for exam-

ple. More products were identified upon ice warm-up, but it should be noted that
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FIGURE 4.1: IR spectra of methanol ice exposed to UV photons at 12
K. The spectra are offset for clarity. IR assignments of species formed

during photolysis are listed in Table 4.1.
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FIGURE 4.2: 1400-800 cm−1 IR spectrum of methanol ice at 12 K be-
fore (bottom) and after (top) UV photolysis for one hour. The num-
bers 1-9 label IR features that appeared after photolysis, and the vi-
brational transitions of methanol are labeled with asterisks. The nine
IR features are assigned in Table 4.1 and include the bands listed from
the methane peak at 1303 cm−1 to the ethylene glycol peak at 867

cm−1.

this procedure cannot fully confirm all unique photoproducts that were present at

12 K.
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TABLE 4.1: IR assignments in the spectrum of UV-photolyzed
methanol ice at 12 K

Band Position Chemical Formula Chemical Name Figure 4.2 Label Reference
(cm−1)

2341 CO2 Carbon dioxide - 1
2136 CO Carbon monoxide - 1
1722 H2CO Formaldehyde - 2, 3, 4

CH3CHO Acetaldehyde - 2, 3, 4
HCOOCH3 Methyl formate - 2, 3, 4

1303 CH4 Methane 1 1
1245 H2CO Formaldehyde 2 2, 5

CH3OCH3 Dimethyl ether 2 2, 5
1197 CH2OH Hydroxymethyl radical 3 6
1162 HCOOCH3 Methyl formate 4 4, 5

CH3OCH3 Dimethyl ether 4 4, 5
1091 CH3OCH3 Dimethyl ether 5 5, 7, 8

(CH2OH)2 Ethylene glycol 5 5, 7, 8
CH3CH2OH Ethanol 5 5, 7, 8

1060 CH3CH2OH Ethanol 6 8
919 CH3OCH3 Dimethyl ether 7 5
910 HCOOCH3 Methyl formate 7 4
887 (CH2OH)2 Ethylene glycol 8 7, 8

CH3CH2OH Ethanol 8 7, 8
867 (CH2OH)2 Ethylene glycol 9 7

(1) Cruz-Diaz et al. (2016) (2) Gerakines et al. (1996), (3) Hudson et al. (2000), (4) Modica et al. (2010), (5) Hudson

et al. (2020), (6) Öberg et al. (2009a), (7) Hudson et al. (2005), (8) Hudson (2017).

4.3.2 Heating from 12 to 300 K

The photolyzed methanol ice samples were heated from 12 to 300 K, and IR spec-

tra were collected every 10 K to monitor the sublimation of photoproducts and to

understand the reactions that occurred during this warm-up process. No additional

features were detected that were not present at 12 K, but several of them increased

in peak absorbance. First, the broad peak at ∼ 3300 cm−1 (the O-H stretching re-

gion) increased in absorbance between 12 and 125 K. The absorptions of the O-H

stretching region disappeared above 125 K, which is consistent with the sublima-

tion of methanol. The absorbance increase observed could be due to radical-radical

recombination that produced water and alcohols (e.g. ethanol), from the rapid crys-

tallization of methanol when heated above∼ 100 K (Luna et al., 2018), or potentially

the redeposition of gases within the chamber.

Figure 4.3 shows the change in the IR spectrum as the ice was heated. The left

panel shows the increase in the O-H stretch from 12 to 45 K, 45 to 85 K, and 85 to

125 K. After 125 K the absorbance decreased as the ice sublimated. The right panel

shows the change in absorbance for several peaks from 1350 to 800 cm−1 (see Table

4.1). The features of methane (1303 cm−1) and the hydroxymethyl radical (CH2OH,

1197 cm−1) decreased above 12 K. Increases in absorbance were observed at 1091,
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FIGURE 4.3: IR spectra of the UV photolyzed methanol ice warmed
from 12 to 205 K. Left panel: 3600-2900 cm−1. Right panel: 1350-800

cm−1.

887, and 867 cm−1, due to both ethanol and ethylene glycol (which could not be dis-

tinguished with this technique). Since ethanol and ethylene glycol form from radical

recombination reactions involving the hydroxymethyl radical, this behavior of their

IR features suggests that some ethanol and ethylene glycol was produced during

warm-up. The peaks at 1245, 1162, and 910 cm−1, assigned to dimethyl ether and

methyl formate, did not increase as the ice was heated. Both products are formed

via radical recombination reactions involving the methoxy radical (CH3O), and these

peaks decreased rapidly after the ice was heated above 125 K.

Mass spectra were also collected from m/z = 1 to 65 daltons in 10 K increments

as the ice was warmed. Temperature-programmed desorption (TPD) curves were

constructed from these data for the m/z of potential photoproducts that were not

detectable by the submillimeter spectrometer (see Section 4.3.3).

4.3.3 Gas-phase Composition at 300 K

The composition of the gases from the UV-photolyzed methanol ice, after warm-up

to 300 K, was determined using submillimeter/far-IR spectroscopy. First, broadband

spectra were collected that focused on the detection of two of the main photoprod-

ucts of methanol ice photolysis: carbon monoxide (CO) and formaldehyde (H2CO).

From these broadband spectra, various rotational transitions were detected and were

used to identify more photoproducts. After those identifications were made, tar-

geted searches were carried out to confirm those initial broadband detections and
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to search for even more products. All spectra presented in this section have been

power corrected and the intensities are in units of voltage (mV) and/or temperature

(K). Lastly, many of the center frequencies of the rotational transitions are labeled by

dotted lines and with their respective quantum numbers as J′Ka′,Kc′ – JKa,Kc.

FIGURE 4.4: Broadband submillimeter/far-IR spectra at (a) 758350-
760130 MHz, (b) 806500-812890 MHz, and (c) 921470-925500 MHz.
Rotational transitions with an intensity greater than 1 mV are labeled
with molecule name. Spectra were boxcar-smoothed with a window

of 10 points to reduce noise.

Broadband spectra were collected in the ranges of 758350-760130 MHz, 806500-

812890 MHz, and 921470-925500 MHz (Figure 4.4). See Appendix A.1 and Table A.1

for the assignment of the 806500-812890 MHz spectrum. These spectral windows

were selected initially to detect CO and H2CO and contained the highest power in

this high-frequency submillimeter region of the spectrometer (700-1000 GHz). Two

peaks were detected for CO at 806651.81 and 921799.83 MHz, and two peaks were
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detected for H2CO at 812831.41 and 923587.96 MHz.

After initial identifications were made for several molecules, spectra were then

collected for targeted transitions in order to improve signal-to-noise ratio and to

search for products with weaker transitions in these spectral regions. These re-

sults as well as reported photoproducts from the literature were used to make tar-

geted searches for more molecules. In the following paragraphs, the complex or-

ganic molecules (COMs), which we define as molecules that contain two or more

C-atoms, detected in the gas phase after ice warm-up are reported in order of in-

creasing molecular weight.

Ketene C2H2O

Five spectral lines were detected for ketene (also referred to as ethenone), the sim-

plest member of the ketene group. Ketene has relatively intense features at submil-

limeter wavelengths and was first observed in the 806500-812890 MHz broadband

spectrum. All five peaks are shown in Figure 4.5.
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FIGURE 4.5: Five detections of ketene transitions including three
peaks from the broadband scans and two additional targeted tran-
sitions. Rotational quantum numbers are labeled for each transition

J’Ka′ ,Kc′ - JKa,Kc.

The C2H4O Isomers Acetaldehyde, Ethylene Oxide, and Vinyl Alcohol

Acetaldehyde has been previously reported as a UV photoproduct of methanol ice

(Abou Mrad et al., 2016; Öberg et al., 2009a; Paardekooper et al., 2016a), but to our

knowledge ethylene oxide and vinyl alcohol have not. In this study, all three of the

C2H4O isomers were searched for and identified via detection of at least five unique

rotational transitions.
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Although several acetaldehyde detections were made in our broadband data, it

initially was a complicated molecule to identify because many of the transition fre-

quencies in the spectral catalog have very large uncertainties (≥ 10 MHz). However,

spectra were collected of an acetaldehyde standard to confirm and identify all ac-

etaldehyde peaks in the broadband data.

FIGURE 4.6: Eight acetaldehyde peaks from 807980 to 808100 MHz
labeled with red arrows. The numbers correspond to Table A.1. For
reference, the standard deviation of the noise for this spectrum was

0.1 mV making 5-σ = 0.5 mV.

A large portion of the detections for acetaldehyde were blended with neighbor-

ing peaks, and Figure 4.6 demonstrates how crowded these rotational spectra can

be. Despite this, five peaks were uniquely resolved and were used for a rotational-

diagram analysis to determine the temperature and density of the acetaldehyde gas

present after warm-up (see Section 4.3.4).

Ethylene oxide has intense rotational features at high frequencies in the broad-

band scans, and a few transitions were detected that were not blended with other

products. These features were then confirmed by collecting more spectral averages

and searching for more transitions at other frequencies. In total, eight peaks were

detected for cis-ethylene oxide and are shown in Figure 4.7.

The third C2H4O isomer is vinyl alcohol, which is considerably less stable than

acetaldehyde and ethylene oxide under standard laboratory conditions. It exists in

two conformational structures: syn and anti. The submillimeter/far-IR spectrum of

the anti conformation possesses significantly stronger absorption signals than the

syn conformer. The rotational spectrum of vinyl alcohol, in either conformation, has

only been predicted below 720 GHz. Therefore, it could not be identified in the



55

In
te

n
si

ty
 (

m
V

) In
ten

sity
 (K

)

In
te

n
si

ty
 (

m
V

) In
ten

sity
 (K

)

Frequency (MHz)

Frequency (MHz)

FIGURE 4.7: Eight detections of cis-ethylene oxide including six peaks
in the broadband spectra and two targeted spectra. Rotational quan-

tum numbers are labeled for each transition J′Ka′ ,Kc′ - JKa,Kc

broadband scans, but a targeted search was performed for five transitions of anti-

vinyl alcohol which led to those shown in Figure 4.8.
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FIGURE 4.8: Five detections of anti-vinyl alcohol transitions from tar-
geted submillimeter searches. Rotational quantum numbers are la-

beled for each transition J′Ka′ ,Kc′ - JKa,Kc.

The C2H6O Isomers Ethanol and Dimethyl Ether

The two C2H6O isomers ethanol and dimethyl ether have been reported previously

as methanol ice photoproducts (Öberg et al., 2009a; Paardekooper et al., 2016a; Schnei-

der et al., 2019). Both the trans and gauche forms of ethanol were prominent in the
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broadband spectra measured here. Figure 4.9 shows ten transitions that were de-

tected for trans-ethanol. The trans-conformation is the most stable configuration,

and its rotational transitions are more intense than those of the gauche-conformation.

FIGURE 4.9: Ten detections of trans-ethanol transitions including five
peaks from the 806500-812890 MHz scan (top row) and five separate
targeted transitions (bottom row). Rotational quantum numbers are

labeled for each transition J′Ka′ ,Kc′ - JKa,Kc.

It was not clear initially whether gauche-ethanol would be detected. After the notably

significant abundance of trans-ethanol was observed, a search for gauche-ethanol was

conducted, and nine non-blended detections were confirmed (Figure 4.10).

Searches were also conducted for the second C2H6O isomer, dimethyl ether. Five

absorption signals were detected in the broadband scans (Figure 4.11). The structure

of dimethyl ether contains two methyl rotors which results in transitions to be split

into four substates (EE, EA, AA, and AE). Therefore, the rotation diagram analysis re-

quired determination of the separate components of the peak areas for each of these

blended transitions. The individual peak areas were found by first integrating the

2f line shape twice to convert it to a Gaussian line shape, and then fitting individ-

ual Gaussian peaks for the blended transitions using the multipeak fitting function

within the IGOR Pro software package. The rotation diagram analysis results are

presented in Section 4.3.4.



57

FIGURE 4.10: Nine detections of gauche-ethanol transitions including
three peaks detected in the 921470-925500 MHz scan and six peaks
from separate targeted searches. Rotational quantum numbers are

labeled for each transition J′Ka′ ,Kc′ - JKa,Kc.

FIGURE 4.11: Five detections of dimethyl ether in the broadband
scans. Rotational quantum numbers are labeled for each transition

J′Ka′ ,Kc′ - JKa,Kc.

The C2H4O2 Isomers Methyl Formate, Glycolaldehyde, and Acetic Acid

The C2H4O2 isomers have been reported previously as UV photoproducts of methan-

ol ices (Öberg et al., 2009a), but they cannot be uniquely identified in either IR or

mass spectra because their signatures are too similar. Acetic acid and methyl for-

mate have been reported as UV photoproducts of methanol ice by gas chromatogra-

phy coupled with mass spectrometry, but glycolaldehyde could not be detected due

to the analytical setup (Abou Mrad et al., 2016). These three isomers can be distin-

guished and quantified with the techniques implemented in this study, and searches

for all three were successfully conducted.
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Methyl formate has two conformations: cis and trans. The most stable confor-

mation is cis, and six transitions were detected for cis-methyl formate from targeted

searches (Figure 4.12). We were not able to search for the trans-conformer because

the submillimeter spectrum of trans-methyl formate has yet to be measured experi-

mentally.

FIGURE 4.12: Six detections of cis-methyl formate from targeted
searches. Rotational quantum numbers are labeled for each transi-

tion J′Ka′ ,Kc′ - JKa,Kc.

Nine transitions were detected for glycolaldehyde (Figure 4.13). Unlike methyl

formate, glycolaldehyde has significantly stronger transitions within the broadband

scan frequencies arising from its stronger dipole moment and lack of internal rota-

tion.

Searches were also conducted for the third C2H4O2 isomer, acetic acid. Four

peaks were detected near the center frequencies of acetic acid at levels ≥ 5 σ, but

three other peaks of similar intensity were not detected. The most intense transitions

of acetic acid are even lower in intensity than those of methyl formate and signifi-

cantly lower in intensity than those of glycolaldehyde. Consequently, the detection

limit of acetic acid is higher than the detection limits of the other two isomers. A ro-

tation diagram analysis was performed for the four detections, but gave unrealistic

values for temperature and density. Therefore, acetic acid was not confirmed as a
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FIGURE 4.13: Nine detections of glycolaldehyde in the broadband
submillimeter spectra. The intensity of the peak at 807155 MHz was
multiplied by two for visibility. Rotational quantum numbers are la-

beled for each transition J′Ka′ ,Kc′ - JKa,Kc.

photoproduct. If it was present, then its concentration was below the detection limit

of the spectrometer.

The C2H6O2 Isomers Ethylene Glycol and Methoxymethanol

Two C2H6O2 isomers, ethylene glycol and methoxymethanol, have both been re-

ported previously as UV-photoproducts of methanol ice and were therefore consid-

ered in this study (Paardekooper et al., 2016a; Schneider et al., 2019). Furthermore,

IR features that aligned with those of ethylene glycol were present in the FTIR spec-

tra at 12 K (see Figure 4.2 and Table 4.1). The most stable conformation of ethy-

lene glycol, aGa’, was targeted based on the recent submillimeter assignment pub-

lished by Melosso et al. (2020). Searches for nine transitions were conducted in this

study. Out of those nine transitions, only two clear detections were made. Four more

peaks that were targeted showed significant blending with neighboring photoprod-

uct transitions and were not individually resolved. The remaining three searches

for transitions of similar intensities resulted in non-detections. Therefore, ethylene

glycol could not be confirmed as a photoproduct in these experiments.
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Methoxymethanol has a straightforward formation pathway from the recom-

bination of the methoxy and hydroxymethyl radicals. Unfortunately, the detec-

tion limit for methoxymethanol at submillimeter wavelengths is quite high, and it

was not detected in these experiments. Both C2H6O2 isomers were searched for in

the mass spectral data from TPD curves of m/z = 61 and 62. There were no sig-

nals present at these m/z at the appropriate desorption temperatures, ∼ 155 K for

methoxymethanol (Schneider et al., 2019) and ∼ 185 K for ethylene glycol (Öberg et

al., 2009a). The lack of production of these two COMs may be due to the differences

in ice temperature during photolysis. The studies conducted by Schneider et al. and

Öberg et al. reported one or both of these products at photolysis temperatures of 90

and 70 K, respectively.

Acetone (CH3)2CO

The molecule with the largest number of atoms that was detected in this study was

acetone. The submillimeter spectrum of acetone has relatively weak absorption sig-

nals (due to its two methyl rotors that cause torsional splitting into four substates),

resulting in a relatively high detection limit. Acetone has been reported by others

as a radiation product of methanol ice (Abou Mrad et al., 2016; Henderson et al.,

2015; Öberg et al., 2009a) and controversially as a non-product of proton-irradiated

H2O + CH3OH ice (Hudson et al., 2000). Three non-blended detections were made

for acetone in this study (Figure 4.14) while other transitions for which we searched

were overwhelmed by intense, neighboring methanol transitions.

FIGURE 4.14: Three detections of acetone transitions from targeted
searches. Rotational quantum numbers are labeled for each transition

J′Ka′ ,Kc′ - JKa,Kc.
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4.3.4 Rotation Diagram Analysis Procedure and Results

A rotation diagram analysis can be used to determine the rotational temperatures

and densities of molecules from the integrated intensities of their respective rota-

tional transitions. This process is also commonly referred to as Boltzmann analy-

sis or population diagram analysis, which is described (along with the underlying

physics) by Goldsmith et al. (1999) and references therein. This technique has been

widely used by astronomers for determining temperature and density of molecules

detected in observational data, and Laas et al. (2013) showed that it also could be

adapted for use in laboratory absorption spectroscopy studies like those performed

here. The application of the rotation diagram approach by Laas et al. only consid-

ered optically thin transitions and cannot be used to quantify all observed products

in our experiments. In the present work, the Laas et al. technique was adapted to

include the full treatment as laid forth by Goldsmith et al. using a Python3 program.

The rotation diagram analysis utilizes the following equation

ln
(

8πkv2

hc3Aul

W
gu

)
= ln

(
N
Z

)
− Eu

kT
− ln(Cτ), (4.1)

where W is the integrated intensity4, v is the center frequency of the transition, Aul

is the Einstein A-coefficient for the transition, gu is the upper-state degeneracy, N

is the total column density, Z is the partition function (i.e., the sum of densities of

states), Eu is the upper-state energy, T is the rotational temperature, Cτ is an optical

depth (τ) correction factor, k is Boltzmann’s constant, h is Planck’s constant, and c is

the speed of light. For simplicity, we define γ to be equal to 8πkv2/hc3Aul gu. The

best-fitting slope and y-intercept of a plot of ln(γWCτ) vs. Eu can then be used to

determine T and N according to equation 4.1.

The optical depth correction factor is given by

Cτ =
τ

1− eτ
(4.2)

4The integrated intensity, W, was determined using the composite Simpson’s rule. The integration
range was the frequency range that covered the 2f line shape, and the negative area of the side lobes
was added to the positive area of the center peak.
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FIGURE 4.15: Rotation diagrams of (a) methanol, (b) ketene, (c) ac-
etaldehyde, (d) ethylene oxide, (e) anti-vinyl alcohol, (f) ethanol, (g)
dimethyl ether, (h) methyl formate, (i) glycolaldehyde, (j) acetone. Er-

rors are described in Section 4.3.4.
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τ =
h

∆v
NuBul

(
e

hv
kT − 1

)
(4.3)

Nu =
N
Z

gue
−Eu
kT (4.4)

where ∆v is the FWHM of the peak, Nu is the upper-state density, and Bul is the

Einstein B-coefficient calculated according to

Bul =
Aulc3

8πhv3 , (4.5)

and for laboratory spectra, as presented herein, the Einstein A-coefficient is calcu-

lated from

Aul = (2.7964× 10−16)Icat(T)v2
(

Z
gu

)(
e
−El
kT − e

−Eu
kT

)−1
(4.6)

where Icat(T) is the temperature dependent catalog intensity value and El is the

lower-state energy. The values needed for all calculations (i.e., Icat(T), El , Eu, gu, Z)

can be found in the spectral catalog files for the molecule(s) of interest (e.g., JPL

and/or CDMS catalogs).

A few conversions are needed to adapt the analysis for use with the laboratory

spectra in this work. First, the peak intensity is converted from volts to Kelvin. This

was achieved by converting the voltage output from the detector to Watts by divid-

ing the voltage by the detector’s optical responsivity (170 kV W−1). The power was

then converted to Kelvin by dividing power by the product of the detector band-

width with Boltzmann’s constant. Secondly, the peak width (∆v) refers to the FWHM

of a Gaussian line shape in velocity units. Due to the 2f line shapes, a FWHM cannot

be directly determined from the raw spectra, but it can be calculated because the

line shape is simply the second derivative of a Gaussian line shape. Therefore, the

respective peak widths are

w2 f = 2
√

3w (4.7)
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wFWHM = 2
√

2 ln(2)w (4.8)

where w2 f is the peak width of the 2f line shape between the side lobe minima, w is

a line width factor, and wFWHM is the FWHM of the Gaussian line shape. Next, the

line width units were converted to velocity units by dividing wFWHM by the center

frequency, v, and multiplying by the speed of light, c.

The uncertainty of ln(γWCτ) (i.e., the y-axis error bars) was determined based on

the propagation of errors that considered the uncertainties of the peak area, center

frequency, and the Einstein A-coefficient. The peak area uncertainty was calculated

via error propagation using the values of the standard deviation of the noise and

the uncertainty of the center frequency for each peak. The standard deviation of

the noise was calculated for each line from the neighboring spectral baseline values,

and the center frequency uncertainty was set to the spectral resolution, 0.1 MHz. The

reported uncertainties on the temperatures derived from the analysis are calculated

directly from the fits to the datasets. The uncertainty of the Einstein A-coefficient

considered the uncertainties of center frequency and peak intensity. The rotation

diagrams for methanol and the reported complex organic products are presented in

Figure 4.15, which are labeled with the molecule’s name and the calculated rotational

temperature and gas density. A summary of the results can be found in Table 4.2

which includes the calculated temperatures, calculated densities, and abundance

ratios of product normalized to methanol. See Appendix A.2 and Table A.2 for the

parameters used for the rotation diagram analysis of each molecule.

Before the experiments were conducted, it was unclear whether the rotational

temperatures would reflect room/chamber temperature (∼ 298 K) or if they would

be related to the volatilities of the individual molecules. The former case was ob-

served, within experimental error, for four products: ketene, ethylene oxide, anti-

vinyl alcohol, and glycolaldehyde. In fact, glycolaldehyde was the warmest product

at 310 ± 42 K. The second-highest temperature belonged to ethylene oxide. Glyco-

laldehyde and ethylene oxide are known to sublimate rapidly at temperatures more

than 100 K colder than their observed rotational temperatures. The coldest molecule

was ethanol at 140 ± 18 K, followed by its structural isomer dimethyl ether at 170 ±
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TABLE 4.2: Summary of Rotation Diagram Analyses Results

Molecule Temperature Density Abundance Ratio
(K) (1011 molec. cm−3)

Methanol 270 ± 17 2800 ± 440 1.0000
Ketene 280 ± 42 2 ± 1.2 0.0007

Acetaldehyde 220 ± 14 160 ± 57 0.0571
Ethylene oxide 300 ± 27 3.7 ± 0.6 0.0013

anti-Vinyl alcohol 290 ± 42 2.6 ± 0.41 0.0009
Ethanol 140 ± 18 70 ± 18 0.0250

Dimethyl ether 170 ± 68 200 ± 180 0.0714
Methyl formate 160 ± 10 40 ± 11 0.0143
Glycolaldehyde 310 ± 42 13 ± 3.2 0.0046

Acetone 230 ± 24 50 ± 11 0.0179
Note: Abundance ratios are normalized to methanol. The methanol gas density includes non-irradiated methanol

desorbed from the substrate, the cryostat shaft, and the chamber walls and any methanol that was reformed

during the ice warm-up.

68 K. This rotational temperature agrees well with ethanol’s known volatility, while

the rotational temperature of dimethyl ether, 170 ± 68 K, was significantly higher

than would be predicted based on volatility alone. Considering structural isomers,

the rotational temperatures of ethylene oxide and anti-vinyl alcohol were within 10

K. The third C2H4O isomer, acetaldehyde, had a much lower rotational temperature.

The rotational temperatures of the C2H6O isomers, ethanol and dimethyl ether, had a

difference of 30 K with dimethyl ether being the warmer isomer. Lastly, the C2H4O2

isomers, methyl formate and glycolaldehyde, had significantly different tempera-

tures. Glycolaldehyde was almost twice as warm as methyl formate. No clear over-

all trends can be deduced from the temperatures derived in this work and further

studies need to be conducted to reveal more information about rotational tempera-

tures of species desorbed from ices.

The three most-abundant COMs were dimethyl ether, acetaldehyde, and ethanol,

in order of decreasing abundance. Acetaldehyde was the most abundant C2H4O

isomer and anti-vinyl alcohol was the least abundant, which follows observational

trends (see Section 4.4.1). Dimethyl ether was the most abundant C2H6O isomer

above ethanol. Lastly, methyl formate was the most abundant C2H4O2 isomer fol-

lowed by glycolaldehyde which also matches well with observations (see Section

4.4.1). The three least-abundant products that were within the detection limits of

the spectrometer were ketene, anti-vinyl alcohol, and ethylene oxide. This was not

a surprise considering these three species require multi-step formation mechanisms
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beyond radical-radical recombination reactions (e.g., hydrogen abstraction(s) from

ethanol). The following section contains a more in-depth discussion of the abun-

dance ratios found in this study.

4.4 Discussion

4.4.1 The Benefits of Utilizing Submillimeter/far-IR Spectroscopy to Iden-

tify Products of Sublimated Astrophysical Ices

Submillimeter/far-IR spectroscopy is a powerful technique for identifying compo-

nents of complex gas mixtures. The three main benefits that submillimeter/far-IR

spectroscopy provides for laboratory ice experiments are (1) the direct comparison

of laboratory spectra with submillimeter/far-IR spectra collected via telescopes, (2)

the straightforward identification of structural isomers, conformers, and isotopo-

logues, and (3) experimental quantification of uniquely identified COMs to compare

to astrochemical models of the ISM and planetary atmospheres. A few limitations

should be noted along with the benefits of this technique. Any gas-phase experi-

ment within a vacuum chamber must deal with interactions with the chamber walls:

(1) the detected gas densities are affected by adsorption onto the walls, and (2) the

chamber walls can act as a catalytic surface for reactions that can modify the gas

composition. It also should be noted that the species detected via submillimeter/far-

IR spectroscopy cannot be directly distinguished as ice-phase photolysis products.

The experiment focused on products detected after the warm-up of a photolyzed

methanol ice. Despite these limitations, which apply to all laboratory studies of

gases sublimated from ice analogs, rotational spectroscopy remains a very powerful

tool in the identification of products of these photolyzed ice samples.

Direct Comparison to Submillimeter/Far-IR Telescope Data

The spectrometer that was built for this experiment covers the same regions of the

electromagnetic spectrum as several millimeter/submillimeter/far-IR telescopes (e.g.,
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ALMA, SOFIA, NOEMA, Herschel/HIFI). Figure 4.16 demonstrates how the labora-

tory spectra of gases sublimated from an ice sample can be compared to observa-

tional surveys such as that of Orion Kleinmann-Low (Orion-KL) collected with the

HIFI instrument on the Herschel Space Observatory.

FIGURE 4.16: Overlaid spectra of the 806500-812890 MHz laboratory
scan (blue) and a HIFI band 3a survey of Orion-KL (red). The inten-
sities of the laboratory spectra were scaled down by three orders of
magnitude for visual comparison. The Orion-KL spectral data were
downloaded from the Herschel Science Archive and were first pub-

lished by Crockett et al. (2014).

The red observational spectra in Figure 4.16 contain several transitions that over-

lap with the blue laboratory spectra of the gases desorbed from the UV-photolyzed

methanol ice. Five emission features are labeled with their assigned molecules in-

cluding methanol (12CH3OH and the less abundant isotopologue 13CH3OH), carbon

monoxide (CO), dimethyl ether (CH3OCH3), and formaldehyde (H2CO). The major-

ity of the intense overlapping transitions present in Figure 4.16 were from 12CH3OH.

The agreement between these spectra demonstrates how laboratory ice experiments

can be used to model formation mechanisms and physical parameters (e.g., temper-

ature and density) of species detected in star-forming regions, such as Orion-KL, and

other astrophysical/planetary environments.
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Detection and Quantification of Structural Isomers, Conformational Isomers, and

Isotopologues

The identification of structural isomers, conformational isomers (conformers), and

isotopologues detected in a single gas mixture is straightforward when utilizing

submillimeter/far-IR spectroscopy as the main detection method, and this study

has demonstrated the unique direct detections of structural isomers, conformers,

and isotopologues that were desorbed from a UV-photolyzed methanol ice. The

structural isomers that were detected included three C2H4O isomers (acetaldehyde,

ethylene oxide, and vinyl alcohol), two C2H6O isomers (ethanol and dimethyl ether),

and two C2H4O2 isomers (methyl formate and glycolaldehyde). The detection of the

trans and gauche-conformers of ethanol demonstrated the ability to distinguish a sin-

gle chemical component in two different conformations. Lastly, 13CH3OH, the rarer

isotopologue of methanol, was detected in the broadband spectra showing the ca-

pability for isotopologue detection. None of these isomers could be distinguished

using mass spectrometry alone in the desorbed gas sample.

Not only does rotational spectroscopy provide an in-situ measurement featur-

ing the unique rotational fingerprints of the molecules in a given gas mixture, those

components can also be quantified in the sample directly through a rotation dia-

gram analysis without the need for further chemical separation or manipulation.

The quantification of structural isomers, conformers, and/or isotopologues can even

be achieved from a single spectrum. In this study, unstable species such as the hy-

droxymethyl (CH2OH) and methoxy (CH3O) radicals are not present after warm-up

because they immediately recombine to form stable products. However, future stud-

ies will aim to determine the yields of unstable products that photodesorb from the

ice surface at low temperatures (10-20 K) such as those found in various astrophysi-

cal environments such as cold dense clouds.

4.4.2 Methanol Branching Ratio Implications

The photodissociation branching ratios of methanol are still unknown and are key

to understanding COM formation on and within icy objects. Nonetheless, a few
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assumptions can be inferred from the relative abundances of the complex organ-

ics detected in this study. First, the most abundant product was dimethyl ether,

CH3OCH3, which may form from the radical-radical recombination of CH3 + OCH3,

while its structural isomer, ethanol CH3CH2OH, likely forms from the radical-radical

recombination of CH3 + CH2OH. Dimethyl ether had a much higher density than

ethanol after ice warm-up, which implies that the H + CH3O radicals are formed in

larger quantity than the H + CH2OH radicals. The larger abundance of methyl for-

mate (HCOOCH3) versus glycolaldehyde (HOCH2CHO) provides further evidence

for this claim as methyl formate requires the CH3O radical and glycolaldehyde re-

quires the CH2OH radical for formation. Even more evidence for CH3O being the

dominant methanol photoproduct is provided by the non-detection of ethylene gly-

col, (CH2OH)2, which requires two CH2OH radicals for formation. The computa-

tional study by Laas et al. (2011) showed the dependence of the C2H4O2 isomer

abundances on methanol ice photolysis branching ratios. Their results showed that

to reproduce methyl formate abundances detected in Sagittarius B2(N), the H +

CH3O pathway must be favored over the H + CH2OH pathway, consistent with the

findings of this work. Furthermore, the branching ratios that had the worst agree-

ment with the observed abundances of methyl formate, glycolaldehyde, and acetic

acid were those which favored the H + CH2OH pathway. The details of these reac-

tion mechanisms are still a work in progress and will require additional experiments

with isotopic labeling and confirmation of radicals from sublimation. Although the

results in this study seem to support theoretical claims, this is in contradiction to the

previous experimental study by Öberg et al. (2009a) which determined the forma-

tion of H + CH2OH to be five times that of H + CH3O. This previous experimental

work relied on IR spectra of the ices and mass spectrometric analysis of the gas phase

material during warm-up. Further studies both experimentally and theoretically are

needed to verify the actual mechanisms at work. Regardless, this highlights the com-

plementary strength brought to laboratory ice experiments by combining standard

techniques with rotational spectroscopy.



70

4.4.3 Astrophysical Implications

All products reported herein originated from the UV photolysis and subsequent

warm-up of a methanol ice. Those products included carbon monoxide, carbon

dioxide (detected by FTIR spectroscopy), methane (detected by FTIR spectroscopy),

formaldehyde, ketene, acetaldehyde, ethylene oxide, vinyl alcohol, ethanol, dimethyl

ether, methyl formate, glycolaldehyde, and acetone. To our knowledge, this is the

first study that reports ketene, ethylene oxide, and vinyl alcohol as products of

a methanol ice photolysis and sublimation experiment. The production of these

species should therefore be considered in computational astrochemical models of

star formation and planetary atmospheres. Ketene has been reported previously by

Maity et al. (2015) as a product from ion-processing of methanol ice, and vinyl al-

cohol was reported as a tentative detection in the same study. Future studies are

required to determine probable formation mechanisms for these three species from

the UV-photolysis of methanol.

FIGURE 4.17: Abundance ratios of COMs relative to methanol as de-
tected toward the high-mass protostar Orion-KL in three regions (MF
peak, ET peak, and EG peak) compared to the laboratory results from

this study. Observations from Tercero et al. (2018).

The abundance ratios of the detected photoproducts with respect to methanol

were compared to those detected in a high-mass protostar Orion-KL (Tercero et al.,

2018), low-mass protostar IRAS 16293-2422(B) (Drozdovskaya et al., 2019), Sagittar-

ius B2 (N) (Belloche et al., 2013), comet C/2014 Q2 (Lovejoy), hereafter Lovejoy,

(Biver et al., 2019), and comet 67P/Churyumov-Gerasimenko, hereafter 67P/CG
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(Rubin et al., 2019a). Several trends were noticed between these abundance ratios

in the various astronomical sources. Figure 4.17 shows abundance ratios of ethylene

oxide, ethanol, dimethyl ether, methyl formate, glycolaldehyde, and acetone nor-

malized to methanol as detected in Orion-KL in three different regions. The methyl

formate peak (MF peak), ethanol peak (ET peak), and ethylene glycol peak (EG peak)

regions were described and mapped by Tercero et al. (2018). The MF peak is located

in the compact ridge and the ET and EG peaks are located closer to the hot core.

The abundance ratios of these three regions were similar across all molecules. The

laboratory results from this study are compared to these observational findings and

are shown in gray in Figure 4.17. The abundance ratios from this study appear to

be most similar to the EG peak abundances, thus simulate the chemistry occurring

closer to the hot core where thermal reactions play a large role, and are less similar

to the compact ridge where it is colder. The laboratory results over-produced gly-

colaldehyde and acetone, and under-produced methyl formate. There are various

details that can be further studied to help explain this, but most likely there is incon-

sistency for these species due to ice composition, photolysis timescales, and other

energetic processes that were not considered in this study. Further experiments are

required to constrain these details, though this initial work is very intriguing.

FIGURE 4.18: Abundance ratios of COMs relative to methanol as de-
tected towards hot cores Orion-KL (EG peak), Sagittarius B2(N), IRAS
16293-2422(B) compared to the laboratory results from this study. Ob-
servations from Belloche et al. (2013) and Tercero et al. (2018), and
Drozdovskaya et al. (2019). Arrows denote upper limit detections.

Figure 4.18 shows the abundance ratios of ketene, acetaldehyde, ethylene oxide,

vinyl alcohol, ethanol, dimethyl ether, methyl formate, glycolaldehyde, and acetone
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normalized to methanol as detected in high-mass protostar Orion-KL (EG peak),

protocluster Sagittarius B2(N), and low-mass protostar IRAS 16293-2422(B). The lab-

oratory abundance ratios from this work are shown in gray. Overall, the laboratory

results appear most similar to the abundance ratios found in the low-mass proto-

star IRAS 16293-2422(B). This could be because the warm-up rate and UV fluence

of these experiments better models a low-mass protostar than a high-mass proto-

star. Secondly, there are several gas-phase destruction pathways that further alter

the abundances during the longer warm-up timescales of high-mass protostars. For

example, the cosmic ray ionization rates (Bonfand et al., 2019) are likely an important

factor that is not included in the current study.

FIGURE 4.19: Abundance ratios of COMs relative to methanol as re-
motely detected towards Comet C/2014 Q2 (Lovejoy) (left, Biver et al.
(2019)) and through the ROSINA mass spectrometer on the Rosetta
mission in Comet 67P/Churyumov-Gerasimenko (right, Rubin et al.

(2019a)) compared to the laboratory results from this study.

A comparison of the abundance ratios for acetaldehyde, ethanol, methyl formate,

and glycolaldehyde as detected in Comet Lovejoy and this study can be found in

Figure 4.19 (left panel). Similar trends for all molecules are observed. The exception

is acetaldehyde, which was over-produced in the laboratory results of this study.

The right panel of Figure 4.19 shows a comparison of isomer abundance ratios de-

tected in Comet 67P/CG and those from this study. The abundance ratios for Comet

67P/CG were compared by the total isomer abundances because the Rosetta Spec-

trometer for Ion and Neutral Analysis (ROSINA) separates by mass and could not

uniquely quantify structural isomers of these organics. Therefore, the C2H4O iso-

mers included, but were not limited to: acetaldehyde, ethylene oxide, and vinyl
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alcohol; the C2H6O isomers included ethanol and dimethyl ether; the C2H4O2 iso-

mers included methyl formate, glycolaldehyde, and acetic acid; the C3H6O isomers

included acetone, propanal, and propylene oxide. Comet 67P/CG showed similar

relative abundance ratios for the C2H4O and the C2H6O isomers as well as for the

C2H4O and C2H6O isomers, which was also the case in this study. Secondly, the

abundance ratios of the larger C2H4O2 and C3H6O isomers were similar in Comet

67P/CG as well as in this study.

These two comets span a range of cometary organics with 67P/CG having more

processed ices, while Lovejoy is a new dynamic Oort cloud comet with few perihe-

lion passages. The more processed object, 67P/CG, appears to reflect abundances

comparable to older interstellar objects such as Sagittarius B2(N), while Lovejoy is

more comparable to the low-mass object IRAS 16293-2422(B). Both objects are in

fairly good agreement within the experimental findings. This may be representa-

tive of the pristine nature of cometary volatiles being derived from simple ices re-

condensed in the protosolar disk, or perhaps preserved from the protosolar nebula.

While these results are speculative, it suggests additional experimental studies with

variation of radiation and ice composition are needed as well as more observational

studies of Jupiter Family Comets (JFCs) and Oort Cloud comets.

Of all of the trends observed here, the most striking is the over-production of

glycolaldehyde as compared to the observational studies of older star-forming re-

gions. Astrochemical models similarly over-produce glycolaldehyde in these re-

gions (see Garrod et al. (2008) for a detailed discussion). It is the low-mass hot

core, IRAS 16298-2422(B), that most closely matches the laboratory results for all

molecules, and in the case of glycolaldehyde the similarity as compared to older star-

forming regions is evident. This offers intriguing insight into the possible chemical

implications for these findings. As mentioned above, perhaps the laboratory study

presented here better simulates the low-mass hot core scenario, which has shorter

timescales for ice irradiation, warm-up, and subsequent gas-phase processing. This

indicates that in high-mass hot cores there is an additional gas-phase destruction

mechanism for glycolaldehyde that is not currently included in the models, nor sim-

ulated in these experiments. Again, additional experiments that explore UV fluence

and warm-up timescales are warranted. Likewise, studies into potential gas-phase
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destruction pathways for glycolaldehyde are necessary.

4.5 Conclusions

Methanol ice is a potential source for complex organic molecules in interstellar clouds

and possibly in comets. Here we present the UV photolysis and subsequent warm-

up of a methanol ice with analysis via FTIR spectroscopy, mass spectrometry, and

submillimeter/far-IR rotational spectroscopy. Nine products, all organic molecules

containing more than one carbon atom, were detected in this work. In order of

decreasing abundance, those photoproducts included dimethyl ether, acetaldehyde,

ethanol, acetone, methyl formate, glycolaldehyde, ethylene oxide, vinyl alcohol, and

ketene. The relative abundances provide evidence that the H + CH3O photodisso-

ciation pathway is favored over the H + CH2OH pathway under these experimen-

tal conditions. A technique for determining gas densities and rotational tempera-

tures of each photoproduct was presented via a rotation diagram analysis procedure

adapted for the laboratory spectroscopic technique of using lock-in detection with

millimeter/submillimeter/far-IR spectroscopy. This technique provides an in-depth

analysis of species that desorb from laboratory ices which allows for the determina-

tion of the rotational temperature and relative gas densities. Future studies may lead

to a connection between temperature and the formation mechanisms of complex or-

ganics. Lastly, the results of this laboratory work were compared to the abundance

ratios of several complex organics detected in high-mass protostar Orion-KL, low-

mass protostar IRAS 16293-2422(B), protocluster Sagittarius B2(N), and in comets

Lovejoy and 67P/CG. Similar abundance ratios with respect to methanol were de-

tected for many of the organics of the hot cores (specifically ethylene oxide, ethanol,

methyl formate, and dimethyl ether) while the abundance ratios best matched with

the low-mass protostar observations of IRAS 16293-2422(B) and comet Lovejoy.
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Chapter 5

UV Photodesorption Studies of

Water, Methanol, and Carbon

Monoxide Ices

5.1 Introduction

The gas-grain connection in the interstellar medium (ISM) is far from simple. Molecu-

les that form on the surface of low temperature icy grains can sublimate to the gas

phase via several processes which can be thermal or nonthermal in nature. Thermal

desorption occurs when the temperature of the surrounding environment warms;

for example, when a young star forms inside of a molecular interstellar cloud. Ex-

amples of nonthermal desorption processes include UV photodesorption, cosmic-

ray sputtering, and chemical desorption. The list continues to grow as we gain a

deeper understanding of the physical and chemical mechanisms at play in these en-

vironments. Nonthermal desorption mechanisms are required to explain the chem-

ical abundances in cold dense cores where the temperature is ∼ 10 K, but yet the

gas-phase composition is complex despite the temperature being significantly lower

than the deposition temperatures of the detected gas-phase molecules. Among these

nonthermal processes, UV photodesorption is the most studied to date, and more

recently cosmic-ray sputtering has gained a lot of attention. These nonthermal des-

orption processes remain a mystery, although some studies are finally beginning to

reveal key information about their efficiencies. Until recently, the most efficient non-

thermal desorption process was thought to be UV photodesorption. However, as
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computational models improve there is a growing amount of evidence that cosmic-

ray sputtering may be the most efficient nonthermal desorption mechanism in cold

dense cores (Wakelam et al., 2021) when compared with the efficiencies of photodes-

orption and chemical desorption. Nonetheless, UV photodesorption is still a non-

thermal desorption mechanism at play in cold environments. In the ISM, UV pho-

todesorption prevents the formation of icy grains in diffuse molecular clouds (Price

et al., 2003) and is a nonthermal desorption mechanism in cold dense cores where

the UV field is induced from cosmic ray collisions with H2 molecules (Gredel et al.,

1989; Prasad et al., 1983). In comets, the photodesorption of OH radicals by the

solar UV field can affect the ice and gas-phase chemistry during their formation in

a protoplanetary disk (Chaparro Molano, G. et al., 2012). Thus it is important to

characterize the UV photodesorption behavior of important molecules (e.g., H2O,

CH3OH, and CO) under various conditions relevant for star and planet formation.

Water is the most abundant molecule detected in interstellar ices and comets

(Boogert et al., 2015; Gibb et al., 2004; Lecacheux et al., 2003; Öberg et al., 2011)

and has proven to be an important molecule for the formation of planets due to its

high sticking coefficient during collisions (Blum et al., 2008). Water also plays an

important role in astrochemistry because it is a source of highly reactive OH radicals

which affect the formation and destruction of many COMs in star-forming regions

(Ishibashi et al., 2021) and planetary systems (Davila et al., 2008). As such, it is

crucial to understand the life cycle of water in various environments of space. The

UV photodesorption of water ice is an important nonthermal desorption mechanism

that affects the ice-to-gas abundance ratios in cold cores (Fillion et al., 2021) and the

location of the water snowline of protoplanetary disks (Oka et al., 2011; Terada et

al., 2017). As such, the photodesorption yield of water is an important parameter to

characterize and to include in astrochemical models of star and planet formation.

The UV photodesorption of H2O has been studied through computational sim-

ulations (Andersson, S. et al., 2008; Arasa et al., 2010; Arasa et al., 2015) and labo-

ratory experiments (Cruz-Diaz et al., 2017; Fillion et al., 2021; Mitchell et al., 2013;

Öberg et al., 2009b; Westley et al., 1995a; Westley et al., 1995b). Among these studies,

the reported photodesorption yields vary. This variation is likely a result of slight
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variation in the physical conditions and analytical techniques. The H2O photodes-

orption yield is difficult to quantify in laboratory experiments because the measure-

ment is dependent on a long list of experimental considerations. When these ex-

periments are performed the photodesorption yield is affected by (1) the analytical

technique, (2) the background pressure of the chamber, (3) sample temperature, (5)

sample structure, and (4) the UV light source. A highly sensitive analytical tech-

nique is required to detect photodesorbed products; therefore, mass spectrometry is

typically used. When utilizing mass spectrometry to quantify photodesorbed prod-

ucts one must account for several factors including the mass sensitivity of analyte

fragments, ionization cross section, incident electron energy, the fraction of ionized

molecules, and mass overlaps. If these parameters are not well characterized and

calibrated, then the measured photodesorption yields will be skewed. Mass over-

laps are very difficult to account for in these experiments. For example, H2O cannot

be distinguished from OD because both have a m/z = 18. Furthermore, the pho-

todesorption yield of OH measured at m/z = 17 also has small contributions from

OH fragments of H2O created in the mass spectrometer. The use of mm/submm

spectroscopy can address these analytical challenges by detecting unique rotational

transitions of photodesorbed H2O, its photofragment OH, and isotopologues D2O,

OD, and HDO without ambiguity. This provides good reason to explore the feasi-

bility of the mm/submm spectroscopic detection of UV-photodesorbed products of

laboratory ices.

The implementation of mm/submm spectroscopy to quantify photodesorption

yield still does not address the hardship of background water contamination. Pho-

todesorption experiments require a very clean vacuum chamber because photodes-

orption of water absorbed on the walls and other surfaces of the vacuum chamber

affect the H2O signal. Therefore, it is very important to collect control measurements

to quantify the background water. However, this is difficult because even very small

deviations from day to day will affect the water signal. For example, to form an ice

sample, water vapor is purposefully flowed through the chamber and deposited on

a cold substrate, but at the same time the vacuum chamber walls and components

are coated with a fresh layer of H2O molecules. Most previous laboratory studies

of photodesorption quantify the background contamination before the ice sample is
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formed and do not account for the contamination provided during sample forma-

tion. This problem has been explored in the studies presented in this chapter and is

discussed further in Section 5.3.3. To alleviate the challenges of quantifying the vary-

ing background H2O contamination, UV photodesorption studies were performed

herein for methanol (CH3OH) ice to establish important control procedures to assess

background contamination after ice sample formation.

The photodeosprtion of methanol ice has been previously studied in the lab-

oratory (Bertin et al., 2016; Cruz-Diaz et al., 2016; Martín-Doménech et al., 2016;

Öberg et al., 2009a) although the physical conditions vary. Öberg et al. (2009a)

was the first to report a methanol UV photodesorption yield of ∼ 10−3 molecules

photon−1 measured indirectly through IR spectroscopy of the ice sample. The stud-

ies by Bertin et al. (2016) directly measured the UV photodesorption yield of CH3OH

from a methanol ice sample with mass spectrometry and found a significantly lower

yield of ∼ 10−5 molecules photon−1; here the light source was different from the

studies by Öberg et al. (2009a). Cruz-Diaz et al. (2016) reported no detection of pho-

todesorbed CH3OH, but derived an upper-limit of 3 × 10−5 molecules photon−1,

using a similar light source as Öberg et al. (2009a). Both Bertin et al. (2016) and

Cruz-Diaz et al. (2016) attribute the low yield and non-detection of photodesorbed

CH3OH to the efficient photodissociation and report detections of photofragments.

Bertin et al. (2016) detected photodesorbed CO, H2CO, CH3, and OH while Cruz-

Diaz et al. (2016) detected photodesorbed H2, CO, and CH4. Martín-Doménech et

al. (2016) measured the photodesorption of CH3OH after its formation in a H2O +

CH4 ice sample and reported that no photodesorbed methanol was detected. The

methanol photodesorption studies presented in the current work focused on mea-

suring an increase in mass signals of photofragments H2, CH3, CH4, CO, CH2OH

and CH3O, and CO2 upon UV-irradiation of a methanol ice sample at low temper-

ature (12 K) to develop an appropriate procedure for quantifying background con-

tamination present after ice sample formation. The results of these experiments are

presented in Section 5.3.3.

The background procedures that were established for methanol photodesorption

experiments were then applied to another chemical system to measure the photodes-

orption of carbon monoxide (CO) ice and to provide a proof-of-concept for detecting
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photodesorbed products with mm/submm spectroscopy. Carbon monoxide was

chosen because it has been thouroughly studied through laboratory experiments

(Bertin et al., 2012; Bertin et al., 2013; Carrascosa et al., 2021a; Chen et al., 2014; Fay-

olle et al., 2011; González Díaz et al., 2019; Muñoz Caro et al., 2016; Muñoz Caro

et al., 2010; Öberg et al., 2009c; Öberg, K. I. et al., 2007; Paardekooper et al., 2016c)

and the photodesorption yield is higher than its photodissociation. These studies

have discovered various physical factors that affect the photodesorption yield of CO

such as UV wavelength dependence (Fayolle et al., 2011), ice formation temperature

(Muñoz Caro et al., 2016; Muñoz Caro et al., 2010; Öberg et al., 2009c), photon pen-

etration depth (Chen et al., 2014; Fayolle et al., 2011; Muñoz Caro et al., 2010), and

ice composition (Bertin et al., 2012; Bertin et al., 2013). A variety of photodesorp-

tion yields have been reported due to slight variations in experimental conditions

(Paardekooper et al., 2016b), but overall these studies have provided a sufficient

amount of information to improve computational models. Since CO photodesorp-

tion has been widely studied it served as a good candidate to assess the possibility

of using mm/submm spectroscopy to detect photodesorbed products of laboratory

ice samples and the results are presented in Section 5.3.4.

5.2 Experimental Methods

The photodesorption products of water, methanol, and carbon monoxide ice were

measured by mass spectrometry at low temperature (∼10-12 K) to assess the feasi-

bility of using mm/submm spectroscopy to detect photodesorbed products of lab-

oratory ice samples. The water and methanol experiments were conducted in ex-

perimental setup 2 described in Chapter 2 Section 2.1.2 and the carbon monoxide

experiments took place in experimental setup 3 described in Chapter 2 Section 2.1.3.

UV photodesorption measurements are very sensitive to background contamination

of the vacuum chamber and a procedure was developed to quantify background

contributions after the vapor/gas deposition of an ice sample. This procedure is

referred to as "no ice background" tests henceforth. The no ice background tests in-

volve replication of the ice deposition while the sample substrate was held at high

temperature to ensure no ice sample was deposited. The UV lamp was then turned
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on and mass spectra were collected when no ice sample was present to quantify the

photodesorption of contaminants from the chamber walls and other components in-

side the vacuum chamber. The experimental details for the water, methanol, and

carbon monoxide experiments are presented in the following sections.

5.2.1 Water

The water photodesorption experiments were performed in the experimental setup

2 described in Chapter 2 Section 2.1.2. First, the cryostat was cooled to the base tem-

perature of 12 K and the base pressure of the chamber was 2.2 × 10−9 Torr. The

sample substrate was then heated to 160 K and the ice formation process was repli-

cated by flowing 5.0 × 10−7 Torr of water vapor in the chamber for 25 minutes. The

sample substrate was then heated to 200 K to ensure any condensed molecules were

fully sublimated. The substrate was then cooled to 12 K and the gate valve was

closed to isolate the chamber from the pumps. Mass spectra were collected with the

lamp off and when the lamp was turned on every 5 minutes for 20 minutes. The

chamber pressure increased from 2.8 × 10−9 to 1.2 × 10−8 Torr when the UV lamp

was turned on. Next, a ∼1.5 µm water ice sample was formed at 12 K by leaking

5.0 × 10−7 Torr of water vapor in the chamber for 25 minutes from a liquid Milli-Q

water sample that was freeze-pump-thawed three times to remove dissolved gases.

After the ice sample was formed the chamber was pumped back to 2.2 × 10−9 Torr.

Then the gate valve was closed and mass spectra were collected with the UV lamp

off and on in 5 minute intervals for 25 minutes. The results are presented in Section

5.3.2.

5.2.2 Methanol

The methanol photodesorption experiments were performed in experimental setup

2 described in Chapter 2 Section 2.1.3 and followed similar procedures as described

in Section 5.2.1 for water photodesorption with some minor differences. First, the

cryostat was cooled to 12 K and the base pressure of the chamber was 2.4 × 10−9

Torr. The sample substrate was then heated to 150 K and the ice formation process

was replicated. Two sample thicknesses were assessed, referred to herein as "thin"
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and "thick". The thin ice sample was ∼0.5 µm and the thick sample was ∼1 µm.

The ice samples were formed by vapor deposition from 99.9% HPLC grade liquid

methanol (Fisher Scientific, A452-4) that was degassed by three freeze-pump-thaw

cycles. After the ice formation was replicated the sample substrate was heated to 200

K to rapidly sublimate any condensed contaminants. The substrate was then cooled

to 12 K and mass spectra were collected with the UV lamp off and on in 5 minute

intervals for 25 minutes (no ice background) and 45 minutes (ice sample). When

the UV lamp was turned on during the thin ice experiment, the chamber pressure

increased to 2.5 × 10−8 Torr during the no ice background tests and 2.2 × 10−8 Torr

when the ice sample was present. When the UV lamp was turned on during the

thick ice experiment, the chamber pressure increased to 1.9 × 10−8 Torr during the

no ice background tests and 2.7 × 10−8 Torr when the ice sample was present.

5.2.3 Carbon Monoxide

The carbon monoxide photodesorption experiments took place in experimental setup

3 described in Chapter 2 Section 2.1.3 and followed similar procedures as those de-

scribed for water and methanol photodesorption experiments. There are three ex-

perimental differences from the water and methanol photodesorption experiments

due to changes to the UV light source: (1) the lamp is positioned perpendicular

to the ice sample, (2) a McCarrol microwave cavity was used to excite the H2 gas,

and (3) a UV waveguide was placed between the light source and the ice sample to

prevent photodesorption from the chamber walls and components. The rest of the

experimental details are as follows. First, the cryostat was cooled to 10 K and the

base pressure of the chamber was 3.0 × 10−9 Torr. The substrate was then heated

to 150 K and the ice sample deposition was replicated by leaking 5.0 × 10−7 Torr of

CO gas in the chamber for 10 minutes. The substrate was then heated to 200 K to

remove any condensed contaminants. Next, the substrate was cooled to 10 K and

mass spectra were collected with the UV lamp off and then on in 5 minute intervals

for 30 minutes. The chamber pressure increased to 3.3 × 10−9 Torr when the UV

lamp was turned on. Next, two CO ice samples were formed at 10 K by leaking CO

gas in the chamber at 5.0× 10−7 Torr for 10 minutes. A "thick" CO ice sample formed

on the top side of the substrate and a "thin" ice sample was formed on the reverse
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side of the substrate. The exact thickness of the samples were not directly measured.

The photodesorption signal of CO and CO2 was measured for the thin ice sample

by rotating the cryostat 180◦. Mass spectra were collected with the UV lamp off and

then on in 5 minute intervals for 30 minutes. The chamber pressure increased to 3.3

× 10−9 Torr when the UV lamp was turned on. The cryostat was then rotated 180◦

to measure the photodesorption signals of the thick ice sample. The same procedure

was followed as performed for the no ice background test and the thin ice sample.

The chamber pressure increased to 3.4 × 10−9 Torr while the UV lamp was on. The

results are shown in Figure 5.8 for the no ice background tests (orange), the thin ice

sample (green), and the thick ice sample (blue). IR spectra were collected at the same

time as the mass spectra, every 5 minutes for 30 minutes, and are shown in Figure

5.7.

5.3 Results and Discussion

The results from three photodesorption studies are presented in this section for wa-

ter, methanol, and carbon monoxide ice samples at low temperature (10-12 K). The

aim of these experiments were to assess the feasibility of using mm/submm spec-

troscopy to detect photodesorbed species that cannot be distinguished with mass

spectrometry. The photodesorption signals were measured for H2O, CH3OH, and

CO along with several photofragments and photoproducts.

5.3.1 Preliminary Tests

A preliminary gas-phase photolysis test was performed before the ice photodesorp-

tion experiments took place. The UV photolysis of water vapor was measured to

confirm UV photons were entering the vacuum chamber. The absorption signal of

H2O was measured at the 11,0 ←10,1 rotational transition at ∼556936 MHz when the

UV lamp was off and after it was turned on. The "lamp on" measurement showed

a depletion in the absorption signal confirming some of the water vapor was pho-

tolyzed to H and OH. These submm spectra are shown in Figure 5.1.
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FIGURE 5.1: Depletion of water vapor signal when the UV lamp was
turned on (red) vs. off (blue).

5.3.2 Water Photodesorption

The photodesorption signals of H2O and OH are shown in Figure 5.2 from a 12 K

H2O ice in blue and the no ice background test in orange. The data were background

subtracted by the partial pressures measured with the lamp off, and the lamp off

measurement is plotted at 0 minutes. The partial pressure of H2O and OH were
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FIGURE 5.2: Photodesorption measurements of water (m/z = 18) and
OH (m/z = 17) when no ice sample was present (orange) and when a
water ice sample was present (blue). The partial pressure of H2O and
OH increased when the UV lamp was turned on. The y-axis error
bars were calculated from the noise standard deviation of the mass

spectrometer signal.
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measured with the mass spectrometer at m/z = 18 and 17, respectively. The par-

tial pressure of H2O noticeably increased after 5 minutes of UV-exposure. The gas

density of photodesorbed H2O was∼ 108 molecules cm−3. This gas density is an or-

der of magnitude below the detection limit of the current mm/submm spectrometer

which is 1.1 × 109 molecules cm−3. Therefore, the current mm/submm spectro-

scopic technique is not sensitive enough to detect photodesorbed H2O molecules

from a water ice sample and experimental adaptations such as increasing the spec-

tral path length would need to be implemented to detect photodesorbed H2O.

5.3.3 Methanol Photodesorption

The photodesorption signals of intact methanol and the photofragments and pho-

toproducts of methanol were measured for a thin and thick methanol ice sample.

These measurements are presented in Figure 5.3 and 5.4. The data were background

subtracted by the partial pressures measured with the lamp off, and the lamp off

measurement is plotted at 0 minutes.

Photodesorption signals were measured for CH3 at m/z = 15, CH4 at m/z = 16,

OH at m/z = 17, CO at m/z = 28, CH2OH and CH3O at m/z = 31, and CO2 at

m/z = 44 when a methanol ice was present (blue) and when no methanol ice was

present (orange). The photodesorption signal was also measured for H2 at m/z = 2

for both the thin and thick methanol ice samples and the results are shown in Figure

5.5. A large increase at m/z = 2 was detected when the UV lamp was turned on

and H2 had the highest partial pressure increase in these experiments. This was

also observed in the studies by Cruz-Diaz et al. (2016). The thin ice sample showed

similar H2 partial pressures to the no ice background tests, but the thick ice sample

showed a larger H2 partial pressure increase than the no ice background test as seen

in the right panel of Figure 5.5. All other measurements presented in Figures 5.3

and 5.4 showed the same partial pressures as the no ice background tests. Therefore,

there is no evidence that these molecules were photodesorbed from the ice sample

and were likely photodesorbed from other surfaces in the vacuum, with the two

largest surfaces being the chamber walls and the cold arm of the cryostat. The second

largest partial pressure increase was measured for CH3 and CH4 for both the thin

and thick ice samples, followed by CO2 and CO. The photodesorption signal was
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FIGURE 5.3: Photodesorption measurements of CH3 (m/z = 15), CH4
(m/z = 16), OH (m/z = 17), CO (m/z = 28), CH2OH + CH3O (m/z
= 31), and CO2 (m/z = 44) from a ∼ 0.5 µm methanol ice sample
(blue) and no ice sample (orange) background tests. The y-axis error
bars were calculated from the noise standard deviation of the mass

spectrometer signal.

also measured for intact CH3OH at m/z = 32, but no increase was measured when

the UV lamp was turned on. Bertin et al. (2016) and Cruz-Diaz et al. (2016) measured

little or no signal for photodesorbed CH3OH and the most abundant photoproduct

(excluding H2) was CO in both studies. The similar signals between the ice and no

ice measurements demonstrate how important it is to conduct these experiments in

ultrahigh vacuum conditions and to use a UV waveguide to prevent UV photons

from colliding with the surfaces inside of the vacuum chamber other than the ice

sample.

The addition of mm/submm spectroscopy to a methanol photodesorption ex-

periment would allow for the determination of the abundance ratio between CH3O
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FIGURE 5.4: Photodesorption measurements of CH3 (m/z = 15), CH4
(m/z = 16), OH (m/z = 17), CO (m/z = 28), CH2OH + CH3O (m/z =
31), and CO2 (m/z = 44) from a ∼ 1 µm methanol ice sample (blue)
and no ice sample (orange) background tests. The y-axis error bars
were calculated from the noise standard deviation of the mass spec-

trometer signal.

and CH2OH radicals which cannot be distinguished via mass spectrometry, but pre-

vious studies have shown that the photodesorption of these radicals is negligible.

Therefore, mm/submm spectroscopy would not provide anymore information to

methanol photodesorption studies.
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the noise standard deviation of the mass spectrometer signal.

5.3.4 Carbon Monoxide Photodesorption

The photodesorption of CO was measured for a thin and thick CO ice sample to

assess the feasibility of using mm/submm spectroscopy to detect photodesorbed

products of laboratory ice samples. Figure 5.6 shows the C≡O stretch of the thin ice

sample in red and the thick ice sample in blue to compare the relative ice thicknesses.
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FIGURE 5.6: IR spectra of the thin (red) and thick (blue) CO ice sam-
ples to compare relative sample thickness.

Both ice samples were exposed to the UV lamp for 30 min. IR spectra were col-

lected of the thick ice sample during the 30 minute exposure and are shown in Figure

5.7. The peak located at ∼2138 cm−1 is the C≡O stretch of carbon monoxide and the



88

peak area decreased over the 30 minute UV exposure due to photolysis. This is con-

firmed by the appearance of a new IR peak at ∼2345 cm−1 assigned to the C=O

stretch of carbon dioxide (CO2).
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FIGURE 5.7: IR spectra of the thick CO ice exposed to UV photons for
30 minutes at 10 K. The peak area of the CO peak decreases and the
CO2 peak area increases with increased UV exposure. The spectra are

offset for clarity.

The photodesorption signals of CO and CO2 were measured for the thick and

thin ice samples by collecting mass spectra during the 30 minute UV exposure in

5 minute intervals. The mass signals of CO at m/z = 28 and CO2 at m/z = 44 are

shown in Figure 5.8 for the thick ice in blue, the thin ice in green, and the no ice back-

ground measurements in orange. The data in Figure 5.8 were background subtracted

by the partial pressures measured with the lamp off, and the lamp off measurement

is plotted at 0 minutes. The next data point shows the partial pressure measured

after the sample was exposed to the UV lamp for 5 minutes. A small increase in CO

partial pressure was measured for the thick, thin, and no ice background tests with

the largest increase detected for the thick CO ice sample. The y-axis error bars show
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the noise standard deviation of the mass spectrometer. The CO2 signal did not in-

crease when the lamp was turned on and Figure 5.8 shows that all three tests showed

the sample partial pressures within experimental error, therefore no photodesorbed

CO2 was detected. The photodesorption signal of CO could likely be increased by

improving the vacuum level of the chamber to less than 10−10 Torr since the current

turbo pump does not achieve this. In any case, these upper limit measurements have

demonstrated that the current mm/submm spectroscopic technique is not sensitive

enough to detect photodesorbed CO.

FIGURE 5.8: Photodesorption measurements of CO (m/z = 28, left)
and CO2 (m/z = 44, right) from a thick CO ice sample (blue), a thin
CO ice sample (green), and the no ice sample background measure-
ment (orange). The y-axis error bars are calculated from the noise

standard deviation of the mass spectrometer signal.

5.3.5 Limitations of SubLIME for Photodesorption Experiments

Photodesorption experiments are very challenging and require an extremely sen-

sitive analytical technique and an extremely clean vacuum chamber. The small

amount of desorbed molecules can also quickly redeposit on the cold arm of the

cryostat which can reach temperatures as low as ∼15 K. The cold arm is also cov-

ered by a stainless steel radiation shield which reaches temperatures as low as ∼25

K. Therefore, when molecules desorb from the ice sample, many of them quickly

redeposit on the cold arm and radiation shield. This process has proven to be very

challenging and frustrating for these experiments. Deposition onto the cold arm and

radiation shield also occurs when an ice sample is formed which contributes to the

no ice background measurements. When an ice sample is formed, the majority of
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the molecules are deposited onto the substrate from a capillary tube positioned with

the opening towards the substrate, but a large amount of molecules also deposit

onto the cold arm of the cryostat. Implementation of a new experimental design

that separates the sample from the cold arm of the cryostat would be very beneficial.

However, this approach would be difficult to implement because it would require

isolation of the cold arm without adding an extra thermal load. Lastly, the current

detection limits of the mm/submm spectrometer will not allow for the detection of

photodesorbed species. A few adaptations could be implemented to address this

limitation. First, the pathlength of the gas cell could be increased by incorporating

a multipass or cavity-enhanced technique. A multipass system could have been ap-

plied to experimental setup 2, but was never pursued because the available optics

were too large to fit inside of the vacuum chamber. An external multipass setup

could be designed for experimental setup 3 because the spectral power of the light

source is very high as compared to the one used in experimental setup 2. However,

considering the very low gas density produced during a photodesorption experi-

ment, cavity enhancement is the better option. Second, the gas density of photodes-

orbed products could be increased by designing a larger surface area of the ice sam-

ple. This would require a larger substrate and more UV light sources to cover the

entire sample, but these changes are likely less costly than a new spectrometer.

5.4 Conclusions

The studies presented in this chapter explored the feasibility of using mm/submm

spectroscopy to detect photodesorbed products of laboratory ice samples in inter-

stellar conditions. The water ice photodesorption experiments measured a higher

partial pressure of H2O and OH when a water ice was present versus those pressures

measured during the no ice background measurements, showing that molecules

were photodesorbed from the ice sample and not just from the walls of the chamber.

Unfortunately, the density of photodesorbed water was less than 1.9× 108 molecules

cm−3 which is an order of magnitude below the detection limit of the mm/submm

spectrometer, 1.1 × 109 molecules cm−3. Therefore, to detect photodesorbed wa-

ter with mm/submm spectroscopy, the sensitivity needs to be improved and/or
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experimental changes need to be implemented to increase the gas density of pho-

todesorbed water. For the methanol photodesorption experiments, the amount of

background contamination from the ice sample formation process (i.e., vapor/gas

deposition) was assessed by performing no ice background tests. The same partial

pressures were measured during the no ice background tests and when the methanol

ice was present, except for photodesorbed H2 from the thick ice sample. This means

that all the detected molecules photodesorbed from other surfaces in the chamber

such as the stainless steel walls and the cold arm of the cryostat. This provided

sufficient evidence that several precautions need to be considered for these exper-

iments including the tedious quantification of background contamination after ice

deposition (not just before) and the use of an UV waveguide to direct the photons

to the ice sample and to prevent photons from hitting other surfaces of the cham-

ber. An UV waveguide was implemented for the carbon monoxide photodesorption

experiments and the partial pressures detected upon UV exposure decreased signif-

icantly as compared to the methanol photodesorption experiments. This provided

evidence that the signal arising from molecules photodesorbed from the walls and

other chamber components was greatly minimized by the UV waveguide. A very

small increase in the partial pressure of CO was measured by mass spectrometry and

was within the experimental error of the partial pressure measured during the no ice

background tests. Therefore, the vacuum level of the chamber needs to be improved

to detect a reliable signal of photodesorbed CO. Nonetheless, these measurements

provide an upper limit which is still significantly below the detection limit of the

current mm/submm spectrometer.

In conclusion, the current mm/submm spectroscopic technique is not sensitive

enough to detect UV-photodesorbed products. The detection limits are orders of

magnitude above the density of photodesorbed products. For example, less than 107

molecules cm−3 of CO photodesorbed from the CO ice sample while the mm/submm

detection limit is on the order of 1011 molecules cm−3. In order to detect UV-photodesorbed

products with mm/submm spectroscopy a cavity-enhanced spectroscopic technique

is required. The photodesorption signal would likely also need to be enhanced by

designing a substrate capable of increasing the surface area of the ice sample. The

traditional experimental approach of ice photodesorption experiments (e.g., Bertin
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et al. (2016) and Cruz-Diaz et al. (2017)) is not suitable for detection by mm/submm

spectroscopy. Future studies should consider the yield of molecules desorbed as

a result of cosmic-ray impact by protons and electrons since computational results

provide motivation for the experimental characterization of this nonthermal pro-

cess. SubLIME could contribute to this effort by identifying the abundance ratios

of molecules and radicals that cannot be distinguished with mass spectrometry in-

cluding H2O and OD and CH2OH and CH3O from water-rich methanol ice sam-

ples. The results of computational studies also provide evidence that cosmic-ray

sputtering increases the gas-phase abundances of large molecules such as methyl

formate (HCOOCH3) (Shingledecker et al., 2018b) and SubLIME could be used to

fully quantify the abundance ratios of desorbed structural isomers methyl formate

(HCOOCH3) and glycolaldehyde (HOCH2CHO) which cannot be distinguished by

electron ionization mass spectrometry (EI-MS).
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Chapter 6

Conclusions and Future Directions

6.1 Conclusions

The focus of this dissertation involved the development of a new technique for lab-

oratory astrochemistry studies of cosmic ice chemistry. The Sublimation of Lab-

oratory Ices Millimeter/submillimeter Experiment (SubLIME) combines the tradi-

tional analytical approaches of cosmic ice experiments (FTIR spectroscopy and mass

spectrometry) with the structure-specificity of rotational spectroscopy to unambigu-

ously identify products of energetically processed ice samples and to provide high-

resolution spectra that can be directly compared to telescope data of interstellar

clouds and comets. Procedures were developed for determining surface binding

energy, sublimation enthalpy, rotational temperature, and gas density for their use

in astrochemical computational models.

Chapter 1 introduced the astrochemistry background and motivation for this

work. Chapter 2 described the experimental design of SubLIME, the millimeter

and submillimeter spectroscopic detection limits, and the experimental procedures

for energetic processing of ice sample with heat and UV photons. Chapter 3 pre-

sented proof-of-concept results for detecting sublimated ice samples of water (H2O

and D2O) and methanol (CH3OH) with millimeter and submillimeter spectroscopy,

and techniques for using rotational spectroscopy to determine surface binding en-

ergy and sublimation enthalpy. Chapter 4 presented results of the first study to use

rotational spectroscopy to identify and quantify complex organic products of a UV-

photolyzed methanol ice sample. Eleven sublimed photoproducts were uniquely
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identified: carbon monoxide (CO), formaldehyde (H2CO), ketene (C2H2O), acetalde-

hyde (CH3CHO), ethylene oxide (CH2OCH2), vinyl alcohol (CH2CHOH), ethanol

(CH3CH2OH), dimethyl ether (CH3OCH3), methyl formate (HCOOCH3), glycolalde-

hyde (HOCH2CHO), and acetone ((CH3)2CO). The rotational temperatures and gas

densities were calculated for the organics containing two or more C-atoms via a

rotational diagram analysis. The abundance ratios of the sublimated species (nor-

malized to methanol) were compared to those observed in hot cores (Orion-KL,

Sagittarius B2(N), and IRAS 16293-2422(B)) and in comets C/2014 Q2 (Lovejoy) and

67P/Chury-umov–Gerasimenko. Chapter 5 examined the feasibility of using direct-

absorption millimeter and submillimeter spectroscopy to detect UV-photodesorbed

products of laboratory ice samples of water (H2O), methanol (CH3OH), and car-

bon monoxide (CO). This work determined that the gas density of photodesorbed

species is below the detection limit of the spectrometer and a cavity-enhanced spec-

troscopic technique is likely required along with a new sample design to increase the

yield of photodesorbed products. The work presented herein was just an introduc-

tion to the capabilities of this new technique, and the list of future work continues to

grow.

6.2 Future Directions of SubLIME

6.2.1 Spectroscopic Techniques

The work of this dissertation demonstrated the benefits of the current millimeter

and submillimeter spectroscopic technique along with its limitations (see Chapter

4 Section 4.4 and Chapter 5 Section 5.3.5). The limitations can be summed up to

the following: (1) gas-density limit of detection and (2) slow data acquisition speed.

Thus, there are improvements that can be implemented. The first limitation can

be addressed by increasing the path length of the gas cell and by increasing the

number of spectral averages. To reach the detection limits required to detect UV-

photodesorbed products would require both the pathlength and number of spectral

averages to increase by several orders of magnitude, which can only be achieved

by a cavity Fourier-Transform-millimeter (FT-mm) technique similar to the one pub-

lished by Drouin et al. (2016). This technique uses a semi-confocal Fabry-Perot cavity
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and has demonstrated a detection limit of 2.5 × 1012 molecules cm−3 for a nitrous

oxide (N2O) transitions at 100491 MHz measured in just 100 ms. Nitrous oxide has a

very weak dipole moment (0.16 D) and the detection limits of other molecules with

stronger dipoles will be lower. Despite the improved sensitivity, this technique does

have some noteable limitations including low frequency spectral coverage (92-105

GHz), the narrow bandwidth of the cavity (20 MHz), and the difficulty of incor-

porating the spectrometer in the experimental setups described in Chapter 2. Un-

fortunately, the intensities of the rotational transitions in the 90-100 GHz region are

orders of magnitude lower than those at higher frequencies (∼300 GHz - 1 THz)

because this is where the Boltzmann peak appears for most molecules of focus at

300 K. This is why the detection limits of the spectroscopic technique used for the

studies presented in this dissertation (see Chapter 2 Table 2.1) are similar to that re-

ported for the FT-mm technique by Drouin et al. (2016). For example, the detection

limit of carbon monoxide at 691473.08 MHz (1.5 × 1011 molecules cm−3) measured

by direct-absorption phase-sensitive detection is lower than the detection limit of

nitrous oxide at 100491 MHz (2.5 × 1012 molecules cm−3) measured with FT-mm

spectroscopy. If a FT-mm instrument was designed to cover higher frequencies it

would surpass the detection limits of the current SubLIME spectroscopic technique,

but this is limited by technology development and cost. Secondly, the frequency

coverage does not compare to the broadband capabilities of the current technique

(70 - 1100 GHz). Custom designed FT-mm instruments would need to be produced

for detecting water and carbon monoxide because the rotational transitions of these

molecules are so widely spread. This type of setup would rapidly become extremely

costly.

A broadband heterodyne or chirped-pulse spectrometer would immensely in-

crease the data aquisition speed and number of spectral averages and would pro-

vide similar detection limits as the current technique. Gerecht et al. (2011) report

the detection limit of water (H2O) is 2 × 1010 molecules cm−3 at 566.9 GHz with a

chirped-pulse THz spectrometer (530-620 GHz). This water signal was measured in

a 10 GHz bandwidth spectrum (along with several other molecules) consisting of

80,000 spectral averages in just 30 seconds. It would take the current SubLIME spec-

trometer 5 years to collect a spectrum of the same resolution and bandwidth. While
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the detection limits are similar, those of the current technique are still slightly lower,

but the data aquisition speed alone provides motivation to pursue a broadband het-

erodyne or chirped-pulse submillimeter technique.

6.2.2 Conformational and Structural Isomer Analysis of Important Prebi-

otic Molecules

The structure specificity of SubLIME allows for the unambiguous identification and

quantification of isomers. This was demonstrated in the methanol photolysis studies

presented in Chapter 4 where both structural (e.g., methyl formate and glycolalde-

hyde) and conformational (e.g., trans and gauche ethanol) isomers were detected

by their individual pure rotational transitions, although the abundance ratios be-

tween conformational isomers were not explored. This begs the question: What are

the abundance ratios of conformers that sublimate from icy grains? This question is

particularly important for the interstellar detection of the prebiotic molecule glycine.

The lowest energy conformers of glycine (I and II) have very different submillime-

ter signatures and thus astronomers need to know which conformer is predicted

to be more abundant. Furthermore, the abundance ratios of C2H5NO2 structural

isomers, methylcarbamic acid (CH3NHCOOH), methyl carbamate (NH2COCH3O),

and glycolamide (NH2COCH2OH), also need to be quantified. Previous laboratory

ice studies report the detection of glycine from the low temperature energetic pro-

cessing of interstellar ice analogs, but these isomers could not be distinguished with

electron-ionization mass spectrometry. As such, the reported glycine column den-

sities may be overestimated. Future experiments could determine the abundance

ratios of glycine conformers I/II and the C2H5NO2 structural isomers to predict the

feasibility of the interstellar detection of glycine.
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Appendix A

Additional Details on Spectral

Analysis

A.1 Submillimeter Spectral Assingment

The broadband submillimeter spectrum collected from 806500 to 812890 MHz was

assigned for 5-σ peaks and can be found in the online data for 2021. An example

table of the first five entries is shown in Table A.1. Table A.1 includes the center

frequency, molecule, chemical formula, and rotational quantum numbers: J’(Ka’,Kc’)

- J(Ka,Kc). Peaks marked with ’?’ belong to unknown features. Peaks labeled ’U’

refer to transitions that are unassigned in their respective spectral catalog, but were

confirmed from spectra of chemical standards.

TABLE A.1: Submillimeter Spectral Assignment from 806500 to
812890 MHz

Peak # Frequency Molecule Formula Transition
(MHz)

1 806651.41 Carbon monoxide CO 7 - 6
2 806699.95 Ketene C2H2O 40(2,39) - 39(2,38)
3 806735.82 Ketene C2H2O 40(5,36) - 39(5,35); 40(5,35) - 39(5,34)
4 806877.12 Dimethyl ether CH3OCH3 26(6,21) - 25(5,20) EE
4 806877.61 Dimethyl ether CH3OCH3 26(6,21) - 25(5,20) AE
4 806878.01 Dimethyl ether CH3OCH3 26(6,21) - 25(5,20) AA
5 806997.05 Trans-ethanol CH3CH2OH 27(7,21) - 26(6,20)

Example table.

A.2 Rotation Diagram Analyses Parameters

The calculated parameters for the rotation diagram analyses can be found in the

online data of 2021. An example of the first nine entries are shown in Table A.2. The

entries are ordered by molecule name starting with methanol. Table A.2 includes
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the molecule name, the catalog frequency in MHz, the rotational quantum numbers:

J’(Ka’,Kc’) - J(Ka,Kc), peak area, upper state energy (Eu) in K, y-values (ln(γWCτ)),

and whether the transition is reported as predicted or experimentally measured in

various spectral catalogs (e.g., CDMS or JPL).

TABLE A.2: Rotation Diagram Parameters

Molecule Frequency Transition Peak Area Eu y-value P/E
(MHz) (K·MHz) (K)

Methanol 807508.194 13(7,6) - 14(6,8) 1972.013820 471.3191798 33.96321778 P
Methanol 807865.958 11(1,11) - 10(0,10) 76342.16587 166.3768396 35.80335572 P
Methanol 810291.478 19(8,11) - 20(7,14) 2089.324759 775.6054123 33.32670335 P
Methanol 810563.957 14(9,5) - 15(8,7) 842.4299628 652.311804 33.42394847 P
Methanol 811057.169 28(2,27) - 27(1,27) 1650.767186 1236.670497 31.50657567 P
Methanol 811247.845 12(6,6) - 11(7,4) 539.8764583 772.7872594 33.03504547 P
Methanol 811338.308 23(3,21) - 23(0,23) 585.1569982 688.4398919 33.48377331 P
Methanol 811444.546 8(2,6) - 7(1,7) 22750.39239 109.4996825 35.41524752 P
Methanol 812550.291 7(2,6) - 6(1,5) 29866.44381 102.7084283 35.76983897 P

Example table. P/E refers to Predicted or Experimental.
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