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ABSTRACT

In this thesis, I investigate the physical and chemical processes of simulated cosmic dust grains
and planetary surface analogues in laboratory experiments performed at the Syracuse University
Astrophysics and Surface Science Laboratory. I have studied the mid-infrared (Mid-IR) bands of
thin films of pure CHy ices and of CHy ices mixed with Ny and H;O in order to characterize the
thermal evolution of ices in confined geometry and to improve the understanding of observations
of ices present in interstellar space and in outer solar system bodies. Furthermore, I studied the
self-diffusion of CO; isotopes in different thin-film arrangements. Mid-IR laboratory data of the
morphological change of CHy, CHy-volatile mixture, and CO;, during thermal processing will
become a crucial component to analyze the data of James Webb Space Telescope (JWST) that is
scheduled to be launched in 2021. The experimental data presented in Chapter 3, 4, and 5 fill the
void of the experimental data on CHy ice to successfully interpret the remote sensing data obtained
from spacecraft and ground-based observations. The study of diffusion of isotopes of CO; using IR
features due to resonant coupling in the solid is presented in Chapter 6. It is the first experimental

study of self-diffusion in CO; thin films and also the first study of using this method in thin films.
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Chapter 1

Introduction

1.1 Background

Ices are ubiquitous throughout the Universe. The structure and composition of ices of water and
other volatiles hold key information on the physical, chemical, and biological processes relevant to
a large number of natural systems. A number of properties such as morphology, phase transition,
and segregation behavior can be explored when the molecules are locked into the solid-state under
Ultra High Vacuum (UHV) condition. The importance of ices found in the interstellar medium
(ISM) and planetary bodies is irrefutable. The process of condensation of gas-phase species on
interstellar dust grains and subsequent reactions with molecules in the ices has gained great impor-
tance, since it affects star formation and enriches the chemical make-up of the interstellar medium.
The study of the evolution of the ices found in astrophysical environments is important as icy grain
mantles are the main reservoir for the volatile elements in star-forming regions across the universe,
as well as the formation site of pre-biotic complex organic molecules (COMs) that are found in
our Solar System. Our solar system is also full of ice-rich environments such as- trans-Neptunian
objects, satellites of larger planets, and comets. The ice composition of these objects has become
one of the most important pieces of information to characterize the physical and chemical condi-
tions in the early solar systems, thus helping finding the clue of origin of life. In addition to ISM
and planetary bodies, ices are found in the Earth’s atmosphere, mountain tops, and in the ocean
depths. In fact, in the prebiotic evolution phase, there have been many ice ages on Earth, most of
them long before humans made their first appearance.

This thesis focuses on the physical processes (i.e. phase transition, segregation, diffusion, etc)
that happen in pure ices and key ice mixtures under simulated interstellar medium conditions as

well as planetary surface conditions. It demonstrates the use of infrared spectroscopy as a probe of



the thermal history of the different astrophysical environments.

1.2 Interstellar Medium

The interstellar medium (ISM) is the birthplace of stars and planetary systems [10, 87]. Until the
middle of 1960’s, the region between the stars (the ISM) was considered to be very hostile for
the existence of an appreciable number of molecules. This perception was proven wrong by the
observation of molecules such as NH3, H,CO, and H,O [50]. The ISM is filled with gas (99% in
mass) and dust (1% in mass). The gas is composed of hydrogen (H, 70%), helium (He, 28%), and
a fraction of heavier elements; gas and dust are not distributed uniformly over the ISM. Therefore,
there exist regions that are dominated by high densities and low temperatures. It is in the dense
cloud regions of the ISM where star formation initiates. When such a dense cloud of gas and
dust collapses gravitationally, first it does in clumps, then in dense cores, each of which can then
start the further collapse and formation of a young star. The details of how this happens are not
well understood [62]. One difficulty is that most regions where this process is underway already
have formed stars nearby. Those stars affect subsequent nearby star formation through their stellar

winds and shock waves when they explode as supernovae.

Species NGC7538IRS9 W33A Comets

H,O 100 100 100

CO 16 8 5-30
CO, 22 13 3-20
CH4 2 1.5 1
CH3;OH 5 18 0.3-5
H,CO 4 6 0.2-1
HCOOH 3 7 0.05
OCS - 0.2 0.5
NH3 13 15 0.1-1.8
XCN 1 3.5 0.01-0.4

Table 1: Ice abundances with respect to H,O ice towards young stellar object NGC 7538 IRS 9,
high-mass protostar W33A, and Comets; taken from [29]



1.3 Icesin Space

More than 200 different molecules have been identified in the circumstellar and ISM [5]. The
chemical species found in ISM is heterogeneous, ranging from atoms, diatomic molecules, to large
organic carbon chain, radicals, and ions. It was initially thought that conditions within these dense
molecular clouds, characterized by low temperatures (10-20 K) and pressures, were not conducive
to chemistry. However, a combination of infrared, millimeter, and microwave spectroscopy has
shown that this is not the case. In fact, these regions exhibit rich chemistry and are the birth sites
for stars and planets. Considering the molecular abundance in ISM, van de Hulst [88] realized that
condensation of gas-phase elements on cold dust particles lead to the formation of H;O, CHy, and
NH3; ices on dust grains. A sample overview of ice composition with respect to HO ice towards
three different astronomical objects is presented in Table 1 [29]. Comparing the ice composition
variation and abundance between star formation stages and low- and high-mass protostellar envi-
ronments provides information on the formation of ice components and chronicles ice evolution

across star-formation.

1.3.1 Interstellar dust

Dust grain particles are also found in the ISM. Dust grains are submicron particles that makeup
only around 1% of the total mass of the interstellar medium (ISM), but play a pivotal role in its
chemistry. Interstellar dust grains are primarily made up of a mix of amorphous silicates and
carbonaceous materials [22, 30]. A sample representation of an interstellar dust grain is shown in
Figure 2 [16]. Out of these 200 molecules reported by astronomers, some molecules freeze out on
dust grain surface at the cold temperatures of the dust grain (10-20 K), while others are formed
in the ices in reactions with atoms and other molecules. Dust grain serves two main purposes in
interstellar ice evolution. Firstly, the surface serves as a local *meeting point’ for molecules or
atoms that become bound to the dust grain via electrostatic or van der Waals forces, a process
called physisorption, or by forming chemical bonds with its surface (chemisorption). Secondly,
the dust grain can accommodate a portion of the excess energy usually generated during surface-
mediated association reactions, stabilizing the product, and thus allowing large polyatomic species

to be efficiently synthesized.

1.3.2 Interstellar ice evolution

In the context of the ISM, the name ’ices’ doesn’t just refer to water ices (water being the most

abundant molecule in ices), but encompasses all solids that consist of volatiles (molecules that are
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Figure 1: Cartoon representation of the interstellar ice composition starting from the prestellar

stage through the collapsing envelop, and into a protopalnetary disk. Adapted from [41, 16]

in gaseous or liquid form at room temperature and atmospheric pressure). Among the observed
interstellar molecules, at least 50 species contain six or more atoms and at least one carbon atom;
these species are called Complex Organic Molecules (COMs) [41]. One should keep in mind that
the term complex’ directly relates to the ISM, as for molecular complexity on Earth most of the
COMs are considered to be rather simple species. Herbst and van Dishoeck [41] modeled the
steps of interstellar ice evolution which are shown in 1. In the ISM, as a cloud get denser, water
is formed on the grain from hydrogen and oxygen. In the densest clouds, the HyO-dominated ice
mantle becomes covered with the gas-phase freeze out of CO, yielding a CO-rich ice mantle. In

the protostellar phase, the radiation from the forming star heats the surrounding parent cloud (now



called "’hot-core”) to 100K, leading eventually to the sublimation of the ice mantle. This process
gives rise to active hot-core chemistry which takes place both in the ice and in the gas-phase
following the release of atoms and molecules from the ice. Eventually, ices and bare dust grains

will settle in the mid-plane of the protoplanetary disks where planets and comets are formed.

1.3.3 Interstellar ice formation mechanisms

Over the last several decades, significant progress has been made regarding the understanding of
the formation (and subsequent destruction) of molecules within interstellar space. Current astro-
physical models indicate that gas-phase chemistry alone cannot account for the variety and richness
of molecules observed in star-forming regions [41]. During the lifetime of a molecular cloud (10°
—108 years) ices formed on dust grains undergo significant physical and chemical changes depend-
ing on the astrophysical environment [16]. A summary of some of the probable processing routes
for interstellar ices is shown in the inset of Figure 1. The most important mechanisms that most

likely dictate the interstellar ice formation mechanism are discussed below:

Gas-phase Photodesorption
i
bombardment ;':__;' Molecular P
. ~ formation -
>,
/ UV irradiation

' Chemical
processing

Figure 2: Cartoon representation of a dust grain and of the main routes of interstellar ice processing

that takes place in astrophysical environments; taken from [16]



* Atom and radical addition reaction is the mechanism responsible for the most primitive
solid-state interstellar ice chemical evolution on the dust grain surface. In this mechanism,
the dust grain acts as a neutral body that catalyzes the chemical and physical interaction of
atoms at the surface. At very low temperatures ( 10 K) atomic species such as H, D, N, C,
and O form simple molecules via thermal hopping or quantum tunneling on the grain sur-
faces [85]. As the interstellar medium is abundant with hydrogen (H) atoms, hydrogenation
is the most dominant atom addition reaction on the grain surface. H-addition or hydrogena-
tion forms molecules such as Hp (through H+H), H>,O (hydrogenation of O/O,/03), NH3
(hydrogenation of N atoms), CH3OH (hydrogenation of CO), and CHy4 (hydrogenation of
C atoms) [20, 85, 34, 86]. On the other hand, grain surface bound C, N and O atoms form
more volatile species including CO,, N3, and O; in the regions where the H/H; ratio is much
lower [86, 24, 87]. Some of the interactions, such as radical-molecule and radical-radical,
often don’t require any activation energy and therefore can easily take place even at low

temperature (10 K).

* Energetic processing is the mechanism in which the primitive species discussed above un-
dergo further processing by the exposure of UV radiation and cosmic rays. As opposed to the
atom addition process, this requires energetic input. Laboratory studies have shown that sim-
ulated ice grains exposed to UV irradiation induce the formation of complex organics such
as NH,CHO, OCN™ and C,HsOH [6, 72]. The chemical composition of ices can be fur-
ther modified by gas-phase ion and electron bombardment. For example, a highly energetic
ion passing through the onion-layer structure of ices causes the dissociation of hundreds of

molecules along its path.

* Thermal processing can induce sublimation of ices materials and changes in ice morphol-
ogy and segregation/diffusion of species in the ice. The heat generated by newborn stars
stimulates further surface chemistry prior to the evaporation of these icy mantles during
cloud collapse [16]. Most of the temperature-induced processes in interstellar ices take place
within the range of 10 to 100 K. The temperature in hot cores of massive young stellar object
formation can rise to in excess of 100 K. At this temperature, sublimation of ices gives rise
to the enrichment of the gas-phase with new molecules;. The release of radicals from ices
spurs new reactions in the gas phase, driving a rich chemistry that leads to the formation of

larger organics with carbon branched structures [20].

The main focus of this thesis is the evolution of the interstellar ice mantle on dust grains and

the thermal processing of interstellar and planetary ices. Studies have shown that the sublimation



of the interstellar ices is not an instantaneous process and there is a need to understand the change
in physical and chemical properties of ices during the thermal evolution; therefore, a detailed labo-
ratory study of the changes due to thermal cycles up to thermal desorption of interstellar ices from
dust grains is essential for understanding the processes associated with star formation. Because
ISM ices are thin (typically 100 layers or less), at low temperature (down to 10K), and in a disor-
dered or amorphous state of aggregation, their properties have been scarcely explored in standard

chemical physics or solid-state physics investigations.

1.3.4 Solar system ices

The outer Solar System is abundant with ice-rich bodies such as comets, Trans-Neptunian Objects,
asteroids, and icy planetary satellites. Although water-ice is the predominant component, in solar
system bodies heterogeneous ice distribution involves CO,, NH3, CHy4, and SO,. The largest
deposits of CO, is on Mars, SO, ice is found in the Jupiter system, and N, and CHy ices are
common beyond the Uranian system [21]. The surfaces of icy planetary bodies can be transformed
by their exposure to a variety of particle and photon sources. The resultant chemistry can be
highly variable since it depends on trace impurities delivered to those surfaces of the solar system
bodies. Photon and particle bombardment also desorb material from icy surfaces, weathering the
surface and producing tenuous atmospheres. Within the upper layers of icy surfaces, photolysis,
radiolysis, and reactions involving free radicals are expected to occur. These processes are crucial
to influencing the survivability of the building blocks of the origin of life (i.e., amino acids) as
well as the reaction products that may be signatures of biologically important parent molecules.
In order to successfully interpret remote sensing data obtained from spacecraft and ground-based
observations, a detailed understanding of the chemistry within these icy environments of the solar

system is essential.

1.4 Laboratory Simulation of Space Ices

Mid-infrared band profiles of interstellar ice hold an enormous amount of information that is key to
understand the evolution of our solar system and beyond. Laboratory experiments play an integral
role in the analysis of the observational data of ices. It has experimentally proven that IR ice bands
can act as an excellent probe of the thermal history of the space environment. In order to simu-
late interstellar and planetary environments, one needs to keep in mind several key characteristics
of these regions; extreme high vacuum, cryogenic temperature, and the presence of dust grains

in various morphological states that are loci of surface interaction of molecules. Thus laboratory
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simulation of space ice requires the experiments to be performed under astrophysical conditions,
using UHV conditions to reduce surface contamination by residual gas, by reducing the number of
molecules reaching the sample over a given time period, low temperatures (<20 K), and a suitable
model dust grain surface. Interstellar CHy is believed to form by atomic addition reaction of C
and H atoms and mostly in a H>O rich environment. Figure 3 shows a comparison between ob-
servation and laboratory data for pure CHy and CH4 mixed with other molecules [13]. The main

goal of laboratory simulation of ices is to probe how chemical processes depend on binding sites,



sticking probabilities, binding energies, desorption kinetics, and diffusion. Specifically, surface
analysis techniques are used, since processes occur in thin films exposed to atoms and molecules
from the gas-phase. Infrared spectroscopy is a very strong tool for the investigation of surfaces
and adsorbed films. It has a distinct advantage over other surface analysis techniques as it pro-
vides highly specific molecular and structural information of the of ultra-thin adsorbate films on
flat solid substrates. In our set-up it is used in-situ and in real-time; the geometry used (grazing
incidence absorption and reflection) gives a sensitivity advantage over the more common studies
in transmission. For astronomers, infrared spectroscopy is the fundamental tool to observe rich
chemistry. Therefore, information from laboratory experiments can be rapidly applied to under-
stand observations. Apart from identifying the frozen-out species, mid-IR absorption spectra in
conjunction with calculations can be used to obtain information on the physical properties of the
ice, such as morphology, phase changes, degree of mixing, and interactions among species.

The apparatus and methods we use to simulate properties of and processes in interstellar and

planetary ices are discussed in Chapter 2.

1.5 Thesis Outline

This thesis presents the detailed laboratory-based research on thermal processing of simulated ices
in ISM and planetary environments. It is aimed to increase our understanding of the physical and
chemical processes that occur in space ices. The bulk of this thesis involves thermal heating of
ices that mimics the one in prestellar cores and on surfaces of ice of outer solar system bodies. The

summary of the chapters of this thesis is provided in the following;

* Chapter 2 introduces the laboratory apparatus at Syracuse University Surface Science and
Astrophysics Laboratory that I used to conduct all the experiments in this thesis. This ul-
trahigh vacuum setup is used to study the thermal processing of atoms and radicals on dust
grain analogs at astronomically relevant cryogenic temperatures. The description of the ap-
paratus and methods is indeed the main focus of the chapter. In this chapter, I also describe
my contribution toward the development and upgrade of the apparatus for the research that I

carried out.

* Chapter 3 reports the discovery of a new metastable phase of methane (CH4) ice upon
deposition at T<7 K. We found that after the deposition at 6 K and annealed to a higher
temperature, a phase transition from the metastable phase to a stable crystalline phase takes

place. We report new measurements of temporal changes of infrared spectra of methane ice
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in the v3 and v4 bands due to nuclear spin conversion between 6.0-11.0 K for 6 K and 30 K

deposited methane ice.

Chapter 4 I study the segregation/diffusion processes of CH4, N3, and H,O that form on
dust grains during star formation. We report that H,O segregates from a CH4:HO mixture
when the ice undergoes thermal processing between 10 and 30 K. On the other hand, N,
molecules diffuse in a CH4:N, mixture during thermal processing between 10 and 20 K.

These findings are then related to processes in interstellar and planetary environments.

Chapter 5 investigates the thermal processing of a CH4:N» ice mixture that is present in cold
outer solar system bodies. We found two transformations in CH4:N; ice when it is heated up
slowly from 10 to 40 K. We calculated the activation energy for the 1* transformation and

modeled it based on different mixing ratios and film thickness.

Chapter 6 introduces a completely new thin-film physical phenomenon in an isotopic mix-
ture of CO, which might be related to self-diffusion of molecules. Although self-diffusion of
molecules has been studied in nano-particles, there is no prior study of the effect of resonant
dipolar interactions and self-diffusion in the reduced geometry of thin films, as is appropriate

for astrophysical applications.

Chapter 7 summarizes the most critical findings of this thesis. The application of the re-
search findings to astrophysics is threefold. First, the results obtained from the experimental
study can be compared with observational data of ISM and planetary ices to understand the
physical processes that occur during the thermal processing in an astrophysical environment.
Second, the data on the thermal evolution of ices and diffusion of guest molecules will be
useful to modelers. Modelers have been using coupled rate equations to model ices; but the
real breakthrough is to simulate processes at the atomic scale, using, for example, Monte
Carlo codes. This research provides the necessary input for those simulations Third, the
study in this thesis opens a new route of experiments that can be used as a reference point
for future observational data obtained by future ground-based and space telescopes, most

notably the soon-to-be-launched James Web Space Telescope (JWST).
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Chapter 2

Experimental Setup

2.1 General

A detailed description of the Syracuse University Laboratory of Astrophysics and Surface Sci-
ence UHV apparatus is presented in the following sections. The description of the apparatus is
highlighted in three sections, namely, the main chamber, the beamline, and the Fourier Transform
Infrared Spectroscopy (FTIR) setup. The emphasis of this chapter is on the changes made in recent

years.

2.2 Main Chamber

The experiments in this thesis were performed in an ultra-high vacuum (UHV) chamber. A
schematic is shown in Figure 4.

The main chamber is pumped by a combination of several turbomolecular pumps, an ion pump,
and a cryopump. Each time the Ultra High Vacuum (UHV) condition is violated, the whole cham-
ber is baked at about 80 °C for at least 4-5 days to remove gases adsorbed on the chamber walls,
mostly water vapor. A higher bake-out temperature is desirable, but due to temperature-sensitive
parts of the main chamber, the highest bake-out temperature is always maintained < 100 °C.
Once cooled down to room temperature, the main chamber base pressure is (1-3)x 10710 torr.
At this pressure, the background deposition on the cold finger is effectively insignificant. A Hi-
den HAL/3F quadrupole mass spectrometer (QMS) is mounted vertically on a doubly differentially
pumped Thermionic RN-1000 rotary platform. The rotary platform can be rotated by a stepper mo-
tor which is controlled by an Applied Motion ST10-S stepper motor controller. Thus, the QMS can
either face the molecular beam to measure its composition or face the sample to measure the species

desorbing from it. The QMS operates as a residual gas analyzer (RGA) when the partial pressure
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Figure 4: A schematics of the main apparatus.

of the molecules is measured to find out molecular composition under UHV condition. The QMS
ion current can be read using client software provided by Hiden Analytical, or, alternatively, the
ion pulse signal can be output to an external pulse counting device, such as a multichannel scaler
(FastComTech MCS-4), for better time resolution. The QMS ionizer is surrounded by a stainless
steel cap with a Teflon cone (see Figure 6) attached to it. The entrance of the ionizer and the cone
are lined up so that most of the gas molecules that enter the cone go into the QMS ionizer. During
the exposure stage, the QMS detector is moved away from the sample so that the detector does not
block the molecular beam. During the Temperature Programmed Desorption (TPD) experiments,
the sample is close to the cone entrance (see Figure 6), so that the cone fully covers the beam
spot on the sample to increase the QMS signal while minimizing the noise due to the desorption
from other cold parts of the sample holder. The sample holder is mounted on a Huntington XYZ
3-dimensional translation manipulator. The manipulator is sitting on a Thermionics RNN-600 ro-
tary platform. Both the RNN-600 and the RNN-1000 rotary platforms are double differentially
pumped by a turbomolecular pump and a rotary pump system. This configuration gives the sample

the freedom of translation in three dimensions and rotation around the vertical axis.



45" CF, Rototable

10.53n

[277.6mm] ¢ 34in
[237.7mm @2.00in
j | =[50 8]

R ion Shield, Bol-On
™— @ 1.00 Extarsion

J

opper, Gold Pated {O

14.6%in _
[423.9mm] [25.4mm
1.3lin
< 33.3mm]

4  _125in

@ [3.18mm]
1.25in
[31.4mm]

Cold Tip, 2048
Copper 27 .7&n
> [705.1mm]
“___Extension. Copper
Bolt-On
Sat Screw, Aignmeant <
55, 3

Somple Holder, SHNO-18
Copper, Mickel Plated

#2-564 Through
For Sersor

13

Figure 5: Cryocooler schematics. a) 2D diagram with dimensions of the redesigned cryostat sys-

tem, b) 3D model of the redesigned cryostat.
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2.2.1 Cryocooler installation

A continued upgrade of the apparatus is essential to keep up with the state of art research in the
field of Astrochemistry. We inherited an ARS (Advanced Research System)-LT3B-Helitran for
cooling the cold finger to 8 K. This type of cooling system requires liquid helium which is not very
convenient for long experiments as the ones presented in Chapter 3. Cooling to <8 K was essential
for some of projects presented in this thesis (Chapter 3, 4, and 5). We installed an ARS DE204B
cryostat which improved the cooling performance to 5 K. I collaborated with the ARS engineer to
implement the cryostat installation. Some design issues were needed to be addressed to adapt the
instrument to our apparatus in a timely manner. The custom-built ARS- DE204B has a cold finger
1.75 inch OD and the Huntington XYZ manipulator mentioned in the previous section has a 2
bellow with 2.0 inch ID. Thus, it was impossible to install the custom-built cryostat while keeping
the existing apparatus set-up. The extended cold finger and cooling column radiation shield were
designed and implemented to make sure the cryostat could be installed without altering the existing
setup while keeping the efficient cooling performance of the sample. Figure 5 shows the 2D and

3D models of the cryostat that was installed in 2016.

2.2.2 Sample and radiation shield

A sample holder is mounted at the cold tip of the cryostat extended cold finger. The sample holder
unit is a solid oxygen-free, high conductivity copper block in which the sample is housed. The
sample is a 1 cm diameter copper disk which is mechanically polished and gold plated by an
external vendor, Anoplate. Underneath the sample, there is a small cylindrical cavity in which a
50 Q cartridge heater is installed. The heater is chosen to be powerful enough so as to have a
linear temperature ramp at the sample up to 300 K. The temperature of the sample is measured by
a Lakeshore DT-670 silicon diode that is pressed in a small cavity between the sample and sample
holder. The temperature of the sample can be adjusted between 5 K and 300 K. This measurement
is read and controlled with a precision of 50mK by a Lakeshore 336 Temperature controller in
conjunction with a LabVIEW program.

There is a gold-coated copper radiation shield installed around the sample holder unit such
that it covers all but the sample itself leaving the gold surface exposed (see Figure 6 left panel).
While installing the closed cycle cryostat, a gold-coated radiation shield collar was installed to
make sure the sample radiation shield could be housed with the cold finger radiation shield. The
purpose of the shield is to isolate the thermal radiation so that the sample substrate can reach a
lower temperature than that of the shield itself. This arrangement also prevents adsorption of gases

on to the sample holder or cold finger itself. In this way, only the surface of the sample adsorbs the
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deposited atomic and molecular gas species. The temperature of the radiation shield is monitored
by the connected thermocouple wires. Figure 6 shows the front and side view of the sample and

radiation shield arrangement.

Figure 6: Sample, radiation shield and QMS setup. a) Front view of the sample and radiation shield
that thermally isolates the cold part of the cooling column and sample from the UHV chamber. b)

Side view of the setup.

2.3 Molecular Beamline

There are two triple-stage differentially pumped molecular beamlines connected with the main
chamber (see Figure 7). These beamlines operate in a High Vacuum (HV) condition. Each beam-
line consists of three vacuum chambers that are individually pumped and connected to each other
by stainless steel port and by a bellow to the UHV chamber. The first and second stages are pumped
by diffusion pumps while the third stage is pumped by a turbomolecular pump. Collimators are
installed between stages . These three collimators ensure that the molecular beam is well focused
on a 3 mm diameter spot on the sample surface. A radio frequency dissociation source is mounted

onto the first stage. An Alicat MCS-5 mass flow controller is used to control the gas flow. The
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direct beam is measured by letting the QMS detector face the beamline and introducing gas into

the beamline. Figure 7 shows the side view schematics of a molecular beamline.
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Figure 7: Side view of experimental apparatus. Details are given in the text; courtesy Francis

Toriello’s thesis.

2.4 Infrared Spectroscopy

Infrared (IR) spectroscopy is widely used to probe vibrational modes of molecules. Infrared light
induces vibrational transitions in the molecular bonds, and by measuring the frequency and inten-
sity of the absorbed infrared light, information such as chemical environment and structure can
be explored. In IR spectroscopy, an infrared lamp produces electromagnetic radiation between
the wavelengths of 700 nm to 1 mm. While astronomers use wavelength units (microns), labora-
tory spectroscopists use wavenumbers (v o« 1/A), since vibrational excitations are usually given at

characteristic frequencies in molecules. When a spectrum of a molecular species or ice mixture is
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Figure 8: IR spectra of CO; and its vibrational modes. Main panel: IR spectrum of CO, showing
absorbance maxima associated with varying modes of vibration. The inset figure shows the four
theoretically possible vibrational modes of CO,: a) asymmetric stretch of CO; , b) vertical and
horizontal bend, and ¢) symmetric stretch (st), which lacks change in dipole and consequently has

no IR signature.

taken, the spectrometer scans through a range of wavelengths (frequencies). The detector measures
the reduction of the frequency of the electromagnetic radiation absorbed by the sample, resulting
in a absorbance peak on the spectrum. This peak occurs at this frequency due to the stretching and
compressing of bonds in a molecule. Figure 8 shows a sample IR absorbance bands of CO, solid

with different modes of vibration.

2.5 Fourier Transform Infrared Spectroscopy (FTIR) Setup

FTIR (Fourier Transform InfraRed) is now the standard method to obtain an IR spectrum over
a wide range of wavenumbers. Infrared radiation is directed from the source through a series of
gold-coated mirrors towards the surface of the sample (gold-coated copper disk) and the impinging
photons interact with the surface molecules before reflecting from the sample plane. Gold is pre-
ferred for the coating as it has high reflectivity which ensures a strong FTIR signal. The incident
and reflected IR beam are directed and focused on the detector through a series of gold-coated
mirrors (Edmund), see Figure 9 for details. The raw signal is then Fourier transformed into the

familiar frequency domain. The best sensitivity for FTIR measurements on the metallic surface is
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obtained using a grazing incidence of the IR radiation.
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Figure 9: Optical path of Reflection Absorption InfraRed Spectroscopy (RAIRS) setup.

The observation of the vibrational modes of adsorbates on the metallic substrates is subject to
surface dipole selection rule, the rule states that only those vibrational modes which give rise
to an oscillating dipole perpendicular to the surface are IR active and give rise to an observable
absorption band. MCT-A detector with a capability of detecting a range of near-IR and mid-IR
(5000-650 cm™ ) vibrational spectra of ices for IR radiation produced from Nicolet 6700 Fourier
Transfer Infrared Spectrometer (FTIR) and incident at a grazing angle of ~ 80° is used in the

Reflection Absorption InfraRed Spectroscopy (RAIRS) configuration shown in Figure 4.

2.6 Deposition of Gases

Gas species can be deposited onto the sample through background deposition using two UHV pre-

cision leak valves activated by two stepper motors controlled by a LabVIEW program. For the
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deposition of a single molecular species, the program first measures the base pressure of the cham-
ber, and then calculates the target partial pressure based on a user set deposition rate. The pressure
readings from the hot cathode ion gauge are corrected for the gas species in the LabVIEW program.
A PID control loop is used to maintain the pressure at the target value. In the deposition of CHy,
it takes about 20 s for the pressure to stabilize at the set value. The ice thickness during deposition
is calculated by the program in real time. When the thickness reaches the set-point, the leak valve
is closed quickly. Even after the valve is closed, the residual gas in the chamber continues being
deposited on the sample, until it is pumped out. We correct for the additional amount deposited
from the residual gas by closing the valve slightly before the target thickness is reached. The exact
offset thickness is calculated from the deposition pressure and the pumping speed. After this cor-
rection, in the deposition of CHy, the relative uncertainty of thickness measured by the integration
of pressure over time is usually less than 0.1%. For water deposition, the uncertainty is larger (1%)
because of the difficulty in maintaining a stable water inlet pressure in the gas manifold.

In CH4:H;O co-depositions, as showed in Chapter 4, since the ion gauge can only measure the
total pressure but not the partial pressure of each gas, we start with the deposition of one gas; CHy4
is deposited first because it is easier to control its deposition. Within 20 s of introducing CHy, the
deposition rate is already stable. We tested the stability of pressure by fixing the valve position
after 20 s, and found that the pressure does not change over time. The same is not true for water
because of the instability of inlet pressure. After determining the stable valve position for CHy,
we stop the PID loop for the CH,4 valve and fix the valve position. We then use a PID loop for the
water leak valve to obtain a stable pressure during co-deposition. When the set time is reached,
both leak valves are closed immediately. For the co-depositions in this study, the deposition is over
25 minutes, and therefore the uncertainty in CH4 amount is about 20 s over 25 minutes, which is
about 1%.

The impingement rate (IPR), which is the number of molecules deposited per unit surface area

per unit time, is calculated as follows:

P

IPR = \/W 2.1
where P is the chamber pressure after correction for the ion gauge gas specific ionization cross-
section, m is the mass of gas molecule, T is the gas temperature (assumed to be room temperature),
and kp is the Boltzmann constant. It is assumed that the sticking of both CH4 and H,O are unity at
10 K [35], and the pressure in the vacuum chamber is uniform. This is a fair assumption, because
the leak valves openings do not face the sample or cold head directly. The IPR can be converted
to units of monolayer per second (ML/s) by assuming 1 ML = 10'> molecules/cm?. The absolute

uncertainty of deposition is mostly due to the uncertainty in pressure measurement, and can be as
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high as 30%, as this is the accuracy of a typical hot cathode ion gauge. In the experiments, the
uncertainty in mixing ratio of the CH4:H;O mixtures is governed by the relative uncertainty, while

that of the total thickness of the mixture is governed by the absolute uncertainty.

2.7 Thermal Processing of Ice

Thermal processing using IR spectroscopy is a strong tool to probe the temporal and thermal evo-
lution of ice morphology. A schematics of a Thermal Processing experiment is shown in Figure
10. The IR spectra at regular intervals are collected with Omnic software and the temperature is
recorded with the help of Lakeshore 336 temperature controller and a Labview program. Typically,
a thermal processing experimental run consists of two stages. The first stage is the exposure stage,
in which the sample surface is kept at relatively low temperature (< 10 K) and a certain dose of
molecules are sent to the sample surface using either a UHV leak valve (deposition from back-
ground gas) or the molecular beamline. The deposition dose calculation using the impingement
rate is explained in the previous section. Once the pressure settles down to UHV condition after
the exposure stage, the thermal processing stage is initiated. In this stage, the surface is heated up
to thermally desorb species from the surface. A cartoon representation of CO, thermal processing

experiment is shown in Figure 10.
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Chapter 3

Infrared Spectroscopic Study of Solid
Methane: Nuclear Spin Conversion of
Stable and Metastable Phases

3.1 Abstract

Infrared spectroscopy was employed to study thin films of solid methane at low temperatures.
We report new measurements of temporal changes of infrared spectra of methane ice in the v3
and v4 bands due to nuclear spin conversion upon rapid cooling from 30 K to 6.0-11.0 K. The
relaxation rates of the nuclear spin were found to be a function of temperature. The activation
energy associated with the relaxation has been determined over an extended temperature range. We
also found a new metastable phase of methane ice upon deposition at T<7 K. After the deposition
at 6 K and annealed to a higher temperature, a phase transition from the metastable phase to a
stable crystalline phase takes place. We found that the relaxation has different activation energies
below and above 8.5 K. From a quantitative analysis of the v3 and v4 IR bands, we suggest that
the metastable phase is a crystalline phase with a degree of orientational disorder between the two

known stable solid phases.
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3.2 Introduction

Solid methane in the pure form is a representative of a non-polar molecular solid. Molecular solids
are particularly interesting because, among other reasons, the interactions among molecules are
easier to calculate. In the case of methane, there is an interest in knowing its state of aggregation in
environments as diverse as at the bottom of oceans [70], in solar system bodies [84], in interstellar
ices [14, 12, 59, 1], and in comets [11]. Molecules with two or more than two hydrogen atoms,
such as Hp, H,CO, H>O, NH3 and CHy4, can undergo the change of the nuclear spin, or nuclear
spin conversion (NSC), while keeping the same parity of the wave-function [19, 63]. The case of
CHy is particularly interesting because of the presence of three nuclear spin isomers; furthermore,
the distribution of populations in the isomers can give clues to the origin and processing of CHy ice
in comets [48]. The nuclear spin conversion has not been observed in the gas phase [83] and can
be studied in laboratory timescales only in ices [17], whether in solid CH4 [82] or CH4 embedded
in rare-gas [26, 81] or para-hydrogen matrices [55, 56].

At low pressure, there are two recognized and well documented solid phases. Phase I is the
equilibrium phase at T>20.4 K. It is an fcc crystal with orientationally disordered CH4 molecules.
Phase 1II is stable below 20.4 K and consists of an fcc lattice with eight ferrorientational (orien-
tationally ordered sublattices, six with dihedral symmetry D,; and two sublattices of hindered
rotators with octahedral symmetry Oj). Thus, in the primitive cell, the six CH4 that are orienta-
tionally ordered are subject to both the crystalline and orientational field, while at the location of
the two virtually free rotators the octupolar orientational field vanishes [45, 90]. Methane has iso-
mers with nuclear spin 1=0 (para), I=1 (ortho) and 1=2 (meta). Constraints on the symmetry of the
total wave function of CHy upon exchange of protons determine the pairing of nuclear spin states
and rotational states, see Figure 11. Differently from the well known case of molecular hydrogen
where the odd (ortho) and even (para) rotational states form almost independent populations of
rotational levels due to the lack of an easy path to nuclear spin conversion, in methane, the close
proximity in the energy of certain rotational levels and intermolecular magnetic interactions make
the conversion possible in reasonable laboratory timescales.

There have been numerous studies of the NSC in CHy in noble gas matrices and in parahy-
drogen matrices (see [81] and [56] and references cited therein). Several techniques were used to
measure the NSC in solid CH4: NMR [15], thermal conductivity [66], neutron scattering [32], and
infrared spectroscopy [56, 82, 80]. The requirement on the symmetry of the wave function pins
rotational levels to nuclear spins. This makes infrared spectroscopy a good tool to probe the spin

populations of each isomer via measurements of ro-vibrational transitions. From the intensity of
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Figure 11: Energy diagram of rotational levels (J) in solid CHy for different nuclear spin isomers
(I). Levels of nuclear-spin isomers are shown by bold solid lines. The rotation levels are coupled
by the nuclear spin- nuclear spin interaction (connected by solid line) and nuclear spin- rotation
interaction. In addition to these intramolecular magnetic interactions, the J/ = 2 and J = 3 levels

are degenerate with respect to /(outlined inside gray box). Adapted from [56, 82].
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Figure 12: FTIR spectra of solid methane in the v3 and v4 vibrational modes at a resolution of
1.0 cm™'. All the traces are from the same experiment at different time frames and temperatures.
For each panel, the bottom one represents methane solid deposited at 6 K. The middle one shows
the spectrum of the deposited methane solid heated to and annealed at 30 K. Finally, the top one

represents 30 K annealed methane solid cooled down to 6 K.

the bands vs. time, the rate of conversion k at a given temperature T can be obtained:
() = I+ Ae ™ 3.1)

Previous IR experiments showed that cooling solid methane from Phase I to Phase II produces
additional IR peaks in v3 (asymmetric stretching) and v4 (bending) bands [56, 82, 80]. These
have been attributed to rotational transitions following nuclear spin conversion (NSC); they are
usually labeled in the spectroscopic notation as P(J), Q(J), and R(J), see Figure 1 and Figure 2 in
Sugimoto et al. [80]. Grieger et al. [32] found that their neutron scattering data and data from other
sources could be best fitted with an expression that gives the rate of conversion in solid CHy at the

temperature T as:

2
R=A(l+———)+Be 7 (3.2)
el —1

where E is the energy required for the transition J = 1 < 0 in one phonon process; A, B and C
are fitting parameters. In this equation, the thermally activated term was added to the one-phonon
process evaluated by Nijman and Berlinsky [58]. The thermal activated term is an Orbach-type
process of absorption/emission of a phonon through an intermediate state. Energies are given in

units of K.
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In solid methane, this measurement is a bit challenging because some energy levels are close
and the transition can be rapid. As pointed out by Sugimoto et al. [82], the expression for the rate
Eq.(3.1) might not capture the change of intensity, especially on a short timescale and for the R(1)
band. Based on a simple model taking into account the occupation of the lowest rotational levels,

they proposed to fit data in the 5-7 K range with a double exponential:
Ix (l‘) =lwx —|—A1’Xe_k1t +A27Xe_k2t 3.3)

where X stands for the R(0) transition. The characterization of solid methane must also include
the characterization of kinetic pathways to its formation and transformation, since this aspect inter-
venes in the formation of methane in the natural world and opens the way to investigate the kinet-
ics of ordering of low temperature molecular solids. This has applications also in space physics,
where, depending on the environment, amorphous and crystalline ices are present, and the ther-
mal history of ices is important to understand the chemical evolution of interstellar environments
surrounding protostars.

In this contribution, we first look at the IR spectra of solid methane prepared under different
conditions. We find there is a new metastable solid phase for solid methane deposited at low
temperature (~ 6 K). Then we introduce a quantitative analysis method of the v3 and v4 bands
to characterize the degree of disorder. We apply this analysis to the study of transitions between
Phase I and Phase II, and between the metastable phase and Phase II. Finally, we show evidence of
NSC in all these solids; we measure the rates of conversion and obtain characteristic energies for

the transitions.

3.3 Experimental methods

A detailed description UHV apparatus is given in Chapter 2 of this thesis as well as prior published
works [37]; here only the main features that are relevant to this study are summarized. Methane
ices were grown on the sample disk by introducing methane through a stepper motor controlled
UHV precision leak valve. A LabVIEW program controlled the rate of the deposition and the
thickness of the deposit. In all experiments, 100 monolayer (ML, defined as 10'> molecules/cm?)
of ice were formed at a relatively high deposition rate of 100 ML per minute. This deposition dose
was calculated using the impingement rate, see Chapter 2 for details. In most of the experiments,
methane was deposited at 6 K or 30 K. The ice was then brought to the desired temperature (6, 7,
8,9, 10, and 11 K) in less than 30 seconds. Spectra were measured and averaged every 20 seconds
at a resolution of 1 cm~!. To measure the NSC, the IR spectra were continuously monitored at

a fixed temperature for different lengths of time, depending on the features being measured. For
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Figure 13: FTIR spectra of solid methane in the v3 and v, vibrational modes at a resolution of 1.0

cm~! right after deposition at 6 K, 10 K, and 13 K. See text for additional details.

example, the isothermal experiments in which the ice was brought and kept at 8 K and 11 K from
the deposition temperature of 6 K, lasted approximately twelve and two hours, respectively. In
other experiments, the ice was deposited at 6 K, annealed for several minutes, and then heated at
0.3 K/min to 30 K in one set and to 12 K in another, then annealed for another several minutes and
cooled at 0.3 K/min back to 6 K.

3.4 Results and Analysis

We carried out two sets of experiments. In the first set, we studied the temperature dependence of
IR absorption bands of pure methane deposited at 6 K and heated and cooled cyclically between
6 to 12 K (within Phase II) and between 6 to 30 K (from Phase II to Phase I). In the second set,
we kept the same deposition temperature, coverage, and deposition rate and carried out isothermal
experiments at temperatures between 6 to 11 K, all within Phase II. We verified that even when the
CHy ice is deposited at 6 K and kept at 6 K for as long as 18 hours, there is an insignificant change
in the CHy ice structure as seen from the IR spectrum. Therefore, the exact time the ice spent at 6

K does not affect our experimental results.
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Figure 14: Comparison of v3 mode of solid methane, deposited at 30 K (left) and at 6 K (right);

traces are recorded at 8 K for up to 300 minutes.

| =—— measured spectrum .
- == fitted data
O]
(@)
C -
©
o]
) Io.oz
o
o]
<
3040 3030 3020 3010 3000 2990

Wavenumber / cm™1

Figure 15: Illustration of the fitting method used in the analysis. Each absorption feature in the
spectrum is fitted with two functions, a Lorentzian and a Gaussian. Out of four fitted curve, the
two Lorentzian functions(green and yellow) represent Lo, and R(0) peaks. Two Gaussian func-

tions(blue and red) represent Q(1) and R(1) peaks, respectively.
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3.4.1 FTIR absorption spectra of v; and v, modes

Figure 12 shows the v3 (bending mode) and vy (stretching mode) of methane in the two different
crystalline phases. In each panel, the middle trace shows methane after it has been brought to and
held at 30 K for 10 minutes. At this temperature, solid methane is in Phase I, an fcc lattice with
orientational disorder [45, 90]. The top trace is obtained by cooling the sample to 6 K and holding
it for 30 minutes. Here methane is in Phase II, in which six of the eight molecules in the unit
cell are orientationally ordered, while the other two are virtually rotationally free. Both phases
have been seen and identified before (see [80, 81] and referenced cited therein). The emergence of
additional features in the top traces is due to NSC and is explained in the later half of the paper.
The bottom traces in both panels of Figure 12 show absorption feature of methane that haven’t
been reported before. We attribute them to partially orientationally ordered Phase II and we label it
as Phase IT*. Figure 13 shows the v3 and v4 modes of methane as deposited at 6 K, 10 K, and 13 K.
In each panel, the top trace is recorded right after deposition of methane at 6 K. At this temperature
methane is in partially orientationally ordered Phase II as in the bottom traces of Figure 12. At
this temperature, there is little to no change of the IR spectrum even after the deposited methane is
kept at 6 K as long as 18 hours. The middle and bottom traces are obtained by depositing methane
at 10 K and 13 K, respectively. At these temperatures, methane is in Phase II right at the moment
of deposition.

In Phase II, there is the emergence of new bands near both the v3 and v4 modes as shown in the
top curve of Figure 12. In the case of the v3 mode, we assigned the peaks as follows [80]: 3000.6
cm™! (P(2)), 3004.1 cm™! (P(1)), 3021.0 cm™! (R(0)), and 3026.6 cm~! (R(1)). The molecules
in the Dy; symmetry sites are responsible for the L. o transition[18]. This transition and Q(1)

1 in contrast

of the free rotators (Oj,) are not resolved in the main peak centered at 3010.9 cm™
to that of Ref [80]. In the v4 mode region we detect P(2), P(1), Q(1), R(0), and R(1) at 1293.2,
1294.4, 1297.8, 1301.2 and 1307.3 cm ™!, respectively. We observe Lo, for v4 at 1304.8 cm ™!
which agrees with the assignment made by Chapados and Cabana [18], except for a blue shift of
3.5 cm~!. (Note: it appears that all peaks in [18] are blue shifted by >3.5 cm~!). Therefore, the
assignment of Lo, ¢ is different than that of Sugimoto et al. [80] in which it is claimed that Lo, ¢
peak is merged with the Q(1) peak, and thus unresolved. Since the L. ¢ transition is attributed
to the molecules in D,;, one should expect significant changes in peak position and strength since
those molecules become free rotators during the transition from Phase II to Phase I. Our data shows
that the peak Lo at 1304.8 cm~! in the v;4 region and the unresolved peaks of Ly._o and Q(1) in

the v3 region change significantly during the phase change.
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3.4.2 The v; mode of methane ice grown at 6 K and 30 K

When methane is first deposited at 6 K, we obtain the bottom traces shown in both panels of Figure
12. Even after leaving the ice for an extended period of time, no additional peaks (such as the ones
shown in the bottom traces of both panels of Figure 12) develop. This is contrary to the expectation
of a methane ice in Phase II. We argue that this is a different, metastable phase, Phase IT*. In Figure
14 we compare the time evolution of the v3 mode measured at 8 K and obtained by deposition at
30 K, left panel, and at 6 K, right panel. For the 30 K deposited ice we see already resolved peaks
of R(0), R(1), P(0) and P(1), indicating that the ice is in phase II at t=0 at 8 K. Notice that the
central peak that is associated with the Ly, ¢ transition does not change in the 0 to 300 minutes
interval. On the other hand, for the 6 K deposited ice, the central peak changes with time and
becomes sharper. Since the central peak contains the Lo, ¢ transition due to the molecules in the
D, symmetry lattice, we propose that the sharpening is due to a transition from Phase II* to Phase
II where molecules become ordered in the D, lattice. The Phase II* cannot be restored once the
system has been brought to Phase II. An ice prepared in Phase II and cooled to 6 K remains in such

phase.

3.4.3 Phase change from IT* to II

In this section we explore the kinetics of the phase change from Phase II* to Phase II. Most of
the analysis is done in the v3 region, since peaks near v4 mode show blending. Each peak was
fitted with a Gaussian and Lorentzian spectral line shape. We assign the Gaussian component to
orientationally disordered molecules, as shown from peak analysis reported below. P(1) and P(2)
were not fitted because they are too small. A sample of the fitting is given in Figure 15.

In Figures 16 and 17 we plotted three sections of the heat up and cool down cycle: a) intensity
map of all the IR spectrum collected in that time frame, b) the area of the Gaussian and Lorentzian
components of the fitting for two heating and cooling experiments and c) the temperature ramp. In
the first experiment, we deposited methane at 6 K, and then did a heating/cooling cycle between
6 to 12 K at 0.3 K/min. In the middle panel of Figure 16 we see that there is a crossover between
Gaussian and Lorentz components at around 850 s (~8 K), which corresponds to the time when
there is a change in the intensity map of the vz mode (top panel of Figure 16). This change is
irreversible, as shown in the cooling part of the plot. The decrease of the area of the Gaussian
component means that there is an orientational ordering of molecules in the D, lattice.

In the second experiment, the heating/cooling cycle was extended to 30 K. In this case, methane
ice goes through a first change (Phase II* to Phase II at 1400 s (~8 K) in Figure 17) as in the first

experiment. Then there is a change from Phase II to Phase I in which the Gaussian component
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becomes strong again (in Phase I all molecules are free rotators). As seen from Figure 17, the

transition between Phase I and II is reversible, but there is no transition back to Phase 11*.

3.4.4 Calculation of the Nuclear Spin Conversion (NSC) rate

Table 2: Parameters in the analysis of the R(0) and R(1) bands

assignment variable dep. temp. temp. range A/ hr! B/ hr~! C/K
R(0) k 30K 60to 11.0K 0.51£0.31 215+61 33.7+3.6
R(1) ki 6.0t0o 11.0K 91+ 85 27.54£9.2
ks 6.0to 10.0K 6290+ 3100 42.7+4.6
R(0) k 6 K 7.2t08.5K 65604+ 280  61.6%3.6
k 85t 11.0K 32.6£9.6 16.54+2.9

The rate of NSC in the CHy4 ice is a function of temperature, as is given by Eq. 3.2. According
to Miyamoto et al. [56] the first term in the right side of the equation is the rate due to one phonon
process [58], which is dominant for 77 <4 K; the second term is larger at higher temperature and
is the two-phonon Orbach process. The relaxation rate of the NSC can be calculated by fitting the
data with Eq. 3.1. We have calculated the NSC rate for two sets of ices. The first set of ices were
deposited at 30 K; they were annealed for 10 min and then cool to the desired temperature within
30 s. For the second set we deposited the ice at 6 K at then immediately heated to the desired
temperature at a rate of 12 K/min. The temporal change of integral intensity (after subtraction
from the initial value) of the R(0) peak and their fitted lines are shown in Figure 18 for different
values of the temperature in the isotherm experiments. In Eq. 3.2 we took the value of E=12.7 K
from Grieger et al. [32]’s. To obtain that value they used their data and data from a compilation of
experimental results of prior experiments by other authors. Since we cannot cool down our sample
to lower than 5.0 K, we cannot obtain the value for the parameter A in Eq. 3.2 from our data.
Sugimoto et al. [80] mentioned that they used the value of A=(0.81+0.27) h~! from Grieger et al.
[32]. However, Grieger et al. [32] did their experiments in an adiabatic helium cell while both we
and Sugimoto et al. [80] did our respective experiments using thin films; it is not clear whether the

value of A would be the same as the Grieger et al. [32]’s. In our analysis we fitted the relaxation
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rate of R(0) from 6 K to 11 K for 30 K deposited ice using non-linear fitting and calculated the
variables A, B and C (listed in Table 2). The data and the fitted curve are shown in Figure 19 as,
respectively, red dots and the solid red line both plots in the main and inset figures. Later we kept
the A= (0.51 £0.31) h~! constant and fitted other set of data (6 K deposited ice and R(1) of 30 K
deposited ice) through non-linear fitting and obtained the values for B and C(listed in Table 2).
For the ice deposited at 6 K (main plot in Figure 19), we see two trends in the NSC. For
temperature up to 7.0 K, the relaxation rate is very small and almost no change occurs in the ice.
At 7.0 K one has to wait for approximately one and a half hours to see the first significant change
in the relaxation rate. Once the ice reaches 7.2 K, we see a significant rise in the relaxation rate
up to 8.5 K. Those data are labeled as blue stars in Figure 19; the broken blue line is a fit using
Eq. 3.2. Beyond 8.5 K we see another trend in the relaxation rate (black triangles). The grayed
lines show the trends past the data. Therefore, we conclude that 8.5 K is a critical temperature for
methane ice deposited at <7 K; this is in agreement with the analysis of peak shapes presented
above. The activation energy for the Orbach process in Phase I1* is 61.6+3.6 K (Table 2).
Recently, Sugimoto et al. [82] suggested that the use of Eq. 3.1 to fit the change of the peak
area vs. time might not be entirely applicable for a system of more than two spin isomers. Using a
much faster cooling from 30 K to 5 K to prepare their samples than they used in a previous work,

they found that their data in the 5 to 7 K range can be fit using :

I(1) =L+ Aje M 4 Aye ™! (3.4)

We found that bi-exponential fitting is only necessary for isotherms of R(1) peak deposited at
30 K, but not for R(0), since the fit with one exponential is excellent (see Figure 18). A sample
comparison of R(0) and R(1) in the 8 K isotherm is shown in Figure 20 in which red dots represent
the integral intensity of R(0) and the green dots represent the integral intensity of R(1) during a
8 K isotherm. The values of k; are plotted as green squares in the inset of Figure 19. The cyan
triangles represent k| calculated from R(1). The values of the relaxation variables k| and k; of R(1)
are listed in Table 2.

3.5 Summary

We have characterized the low temperature phases of solid methane obtained by deposition at 6 K
and 30 K. We discovered a new metastable state of solid methane when the methane ice is grown
at <7 K. By comparing the IR features with the ones of the equilibrium phases, we suggest that

this phase likely consists of a crystal with orientational ordering in between Phase I and Phase II.
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The metastable phase becomes Phase II when the ice is brought past 8.5 K.

We measured NSC using the IR bands of R(0) and R(1). Using Eq.3.3 and k values from
temporal measurements of R(0), we obtained the activation energy for the Orbach process, in good
agreement with the energy of the transition between rotational level J=0 (I=2) and the intermediate
level J=2 (I=1). The relaxation rates of R(0) and R(1), long time behaviour, for vz mode at 7 K
are 2.48 +0.18 hr~! and 2.52+0.32 hr~!. The calculated relaxation rates are close to the values
obtained by Sugimoto et al. [80], 3.2440.19 hr—! and 2.9240.21 hr~! for methane solid deposited
at 30 K. The activation energy for the Orbach process (A =33.7+3.6 K) is in good agreement with
the one obtained by Sugimoto et al. [80], A = 35.3 £4.4 K. When using R(1) data, we employed
the fitting equation 3.4 suggested by Sugimoto et al. [82]. We extended the range of k, values from
the 5-7 K range of Sugimoto et al. [82] to the 6 to 11.0 K range. This has allowed us to obtain the
activation energy of the Orbach process for this transition.

The metastable phase upon heating from 6 K yields a NRC that is characterized by two acti-
vation energies, one for 7.2-8.5 K and another for T>8.5 K. The limited temperature range over
which NSC can be observed in laboratory timescales (7.2-8.5 K) prevents us from drawing firm
conclusions on the relaxation process for this metastable phase. If the rise of the relaxation rate
below 8.5 K is due to the Orbach process, the high value of A ~ 61 K would imply an intermediate
state such as J=2 (I=0). Given the high value of A, a two-phonon Raman process though a virtual

state is also possible [73].
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Chapter 4

Infrared Spectroscopic Study of Crystalline
Methane Solid and Methane Mixture with

Polar and Non-polar Molecules

4.1 Abstract

Methane ice, whether pure or in mixtures with polar (H,O) and non-polar (N;) molecules, is found
in interstellar space as well as in outer solar system bodies. Nuclear Spin Conversion (NSC), crys-
talline structures, and the transition temperature between solid-state phases can be affected by the
presence of polar and non-polar molecules (H,O and N»), deposition temperature, and deposition
rate. Specifically, we found a relationship between the thickness and the solid-state ordering trans-
formation in methane thin films. A new study of NSC of pure CHy ice and of CH4:H;O ice mixture
at 7 K is placed in relation to segregation of H,O using methane IR inactive v; and v, modes. The
diffusion of N, and CHy4 in CH4:N3 ice mixture with temperature cycling has also been studied in
order to obtain a relation between IR features and state of aggregation of the ice. With the launch
of the James Webb Space Telescope (JWST), IR data of fundamental vibrational modes of CH4
ice and its mixture with volatiles will be accessible to study the aggregation and thermal history
of volatiles in interstellar and planetary ices. Mid-IR range laboratory data of the fundamental
vibrational modes of CHy ice and its mixture with volatiles will become essential in the analysis

of observational data from JWST.
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4.2 Introduction

Methane is the simplest example of a hydrocarbon molecule. In solid form, methane and its mix-
tures with other volatiles are important candidates for laboratory studies as they are present in
ocean beds as clathrate hydrates [70], in solar system bodies [84], interstellar ices [14, 12, 59, 1],
and comets [11]. In particular, methane ice has been detected in different solar system bodies ei-
ther as pure and or mixed with other molecules at different mixing ratios. Until today, most of the
infrared planetary methane ice data are based on near-IR (v=10000-4000 cm~! ; A = 1.0-2.5 um))
spectrum. But, the James Webb Space Telescope will initiate a new era of planetary ice explo-
ration in the Mid-IR (v=4000-400 cm~' ; A = 2.5-25 um) range. Overall, laboratory data in the
Mid-IR range for methane crystalline phases and their transformation in thin films are necessary
since there have been very few dedicated studies.

At cryogenic temperature and low pressure, methane solid has two crystalline phases. The
first one is an orientationally ordered phase (Phase II) - which can be found at T<20.4 K in bulk
methane ice. The second crystalline phase is an orientationally disordered phase (Phase I) that is
at T>20.4 K. Both are fcc solids but with different orientational order of the methane molecules.
In addition, methane solid goes through nuclear spin conversion (NSC) at cryogenic temperature
[19, 63, 25], see also the preceding chapter. Recently a new metastable phase (T<7.0 K) of solid
methane was reported which is a metastable crystalline phase with an orientational order between
Phase II and Phase I [25].

Molecular-level interaction between CH4 and H,O is accompanied by significant shifts in peak
positions and spectral features in near [7] and mid-IR [43] spectral regions. In addition to the two
fundamental modes v3 and v4, there are two IR inactive v; and v, modes in solid methane [44, 42]
in mid-IR range. These modes are only activated in the presence of water in the ice matrix [27, 42].
Water dangling bond sites have been used to calibrate the diffusion rate of volatiles in ASW [37].
Similarly, IR inactive modes of methane can be used to probe the segregation of water in CH4 and
H>O ice mixtures. CH4:N, ice mixtures are relevant in the planetary system due to their presence
in outer solar system bodies [33] and satellites of planets [53]. Blue-shift in near-IR features of
methane IR peak positions has been reported for outer solar system bodies CH4:N; ice mixtures
[68].

The goal of this work is to study IR absorption features of pure methane and methane ice
mixture (with HyO and N;). We investigated the effect of deposition methods, thermal cycling,
NSC, and deposition temperature on thin films of pure methane in UHV conditions. The spectral
changes that methane ice experiences in the presence of polar (H,O) and non-polar (N;) molecules

were measured. This allowed us to study the segregation and diffusion process of CH4:H,O and
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CHy4:N> ice matrices.

4.3 Experimental Methods

A detailed description UHV apparatus is given in Chapter 2 of this thesis as well as prior pub-
lished works [37]; here only the main features that are relevant to this study are summarized. For
deposition of CH4 and H,O, two separate UHV precision leak valves were used. Distilled water
underwent at least three freeze-pump-thaw cycles before being sent into the chamber. Premixed
CH4 and N, gas was deposited using a single UHV leak valve for CH4:N, mixture deposition. Ices
were grown on the sample disk by introducing methane through a stepper motor controlled UHV
precision leak valve except for one occasion: a molecular beamline was used to deposit 100 ML
CHy for the experiment presented in Figure 23. A LabVIEW program controlled the rate of the
deposition and the thickness of the deposit. In all experiments, 100 monolayers (ML, defined as
1015 molecules/cm?) of ice were grown at a relatively high deposition rate of 100 ML per minute
in the case of deposition from background gas. This deposition dose was calculated using the
impingement rate, see Chapter 2 for details. The deposition of methane via the beamline is much
slower, by a factor 100.

In most of the experiments, methane was deposited at 10 K, unless otherwise mentioned. A
Nicolet 6700 FTIR in the Reflection Absorption Infrared Spectroscopy (RAIRS) configuration with
an incident angle of ~ 80° was used to obtain mid-IR spectra of the ice. Spectra were measured
and averaged every 20 seconds at a resolution of 1 cm™!. To measure the NSC, the IR spectra
were continuously monitored at a fixed temperature for different lengths of time, depending on the
features being measured. For example, the isothermal experiments in which the ice was brought
and kept at 7 K from the deposition temperature of 30 K, lasted approximately twelve hours. In
other experiments, the ice was deposited at 10 K, kept at this temperature for several minutes,
and then heated at 3 K/min to the desired temperature and subsequently cooled down to 10 K for

temperature cycling experiments.

4.4 Results and Analysis

We carried out two sets of experiments. In the first set, we studied the attributes of crystalline
phases of methane under different conditions. For these experiments, pure methane ices of dif-
ferent thicknesses were either deposited at 6 or 10 K. Then the methane ice was either kept at a

specific temperature for an extended period of time or heated slowly at 3 K/min until the methane
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Figure 21: Mid-IR vibrational modes of 100 ML methane ice (v3 (left) and vs (right)) deposited at
7K, 10K, 13K, 16 K, 20 K, 22 K, and 30 K. The traces are displaced vertically for clarity.
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ice desorbed past 40 K. In the second set, methane ice mixed with either water or nitrogen was de-
posited at 10 K and then the ice went through temperature cycling (heating up and cooling down)

to study the changes in IR features during the process.

4.4.1 Methane crystalline phases and deposition temperature

It is a well-established fact that methane has two crystalline fcc phases with a transition temperature
of 20.4 K. Most of these experiments of phase transition in methane ice were conducted in a closed-
cell [18]. The transition from orientationally ordered phase (Phase II) to orientationally disordered
phase (Phase I) is an abrupt process in a closed-cell experiment. On the other hand, from an
analysis of methane thin films deposited in the 7-30K range, we observe that the transition from
Phase II to Phase I is a relatively slow process. Figure 21 shows the v4 and v3 mode of pure
methane ice deposited at different temperatures. At 7 K the ice is in metastable Phase II without
the presence of band splitting [25]. For methane deposited at 10K, the ice is in Phase II crystalline
methane at 10 K with the fully emerged band splittings due to NSC [25], in agreement with the
results presented in the previous chapter. As we raise the deposition temperature we observe
that the band splitting gradually diminishes due to the disruption of neighboring lattice sites. We
observe that bulk orientational disordering at lattice sites happens in the ice matrix between 20 and
22 K in which the multiple peaks of v4 and v3 modes converge into a single broad peak for each
mode. We observe significant blue-shift from 3010.6 cm™! to 3014.2 cm™' for v3 mode in that

temperature range. Beyond 22 K, the ice is an orientationally disordered fcc lattice.

4.4.2 Effect of thickness of CH, thin film on phase transition

We deposited 5, 10, 15, 20, and 30 ML of CH4 on a substrate at 10 K, and then heated the sample
from 10 K to 45 K at a rate of 0.1 K/s. The bending mode v3 absorption spectra for all these
thicknesses, normalized to the maximum of all the spectra for all he spectra for the same thickness
during the heating up process, are shown in Figure 22. When solid methane goes through the
orientational phase transition (from Phase II to Phase I) there is a change in the IR peak position
and spectral features due to change in the lattice field [80]. (For convenience’s sake, we call
the phase transition an orientational phase transition irrespective if it goes from an orientational
disordered to an orientationally ordered state or vice-versa). In the case of 5 ML coverage, we
don’t observe any significant pattern in the transition from Phase II to Phase 1. At 10 ML coverage
the transition temperature of Phase II crystalline ice to Phase I crystalline ice is 23.8 K. In this case,
the disruption of neighboring lattice field sites is delayed due to the thinness of the film. On the
other hand, for 15ML the transition temperature is a little less than 20.4 K. For coverage of 20 ML
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Figure 22: Slow heating up experiment for 5-30 ML of methane ice deposited at 10 K. This
diagram shows the relative temperature range for Phase II to Phase I transition of vz mode for

different methane thin film coverage. The absorbance scale is on the right.
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and beyond the transition settles down to the bulk value. These experiments suggest that methane
ice experiences thin-film effects for coverage below 15 ML. For higher coverage (>20 ML), the

ice is independent of thin-film effects.

4.4.3 Effect on NSC of methane ice prepared with two different deposition methods

We know that at 6 K the methane thin film is in a metastable phase where Nuclear Spin Conversion
(NSC) is insignificant at that temperature [25], see preceding chapter. As we increase the temper-
ature, and once the temperature reaches beyond 7 K, we observe an exponential increase in the
relaxation rate up to 8.5 K. Depending on the deposition method, we found different rates of NSC
for methane ice. The top two panels of Figure 23 show 100 ML of methane ice deposited at 6 K
and kept for 12 hours; methane gas was deposited filling the chamber through a UHV leak valve.
In this background deposited methane ice, we don’t see any emergence of band splitting, which is
a sign for NSC in IR spectroscopy. On the other hand, the bottom two panels of Figure 23 show
100 ML of methane ice deposited with the molecular beamline; the ice was kept at 6 K for a simi-
lar amount of time. In this case, we observe the emergence of band splitting upon the completion
of deposition. It takes 100 minutes to finish the deposition through the beamline compared to 1
min using the UHV leak valve. Initially (see bottom two panels), we see emergence of R(0) band
(3010.9 em™ 1) for v3 mode and Q(1) band (1297.8 cm™!) for v4 mode. As we keep the ice at 6 K
for 12 hours we see that the band splitting becomes more pronounced with time. In the ice pre-
pared slowly, orientational ordering at lattice sites takes place; therefore, we see a significant rate
of NSC even at 6 K. This fact further strengthens our argument that at 6 K we observe a metastable
phase of methane which is a crystalline phase with an orientational ordering between Phase I and
Phase II [25].

4.4.4 Methane and water ice mixture with different ratios

Figure 24 shows IR data of v4 and v3 modes of pure methane and methane-water mixture with
different mixing ratios. We observe significant change in IR features and FWHM values as water
is introduced in the methane ice matrix. For CH4:H,O(=95:5) we observe the peak position is red-
shifted by 0.8 cm™! and 0.7 cm™! for v, and vs, respectively. The FWHM becomes 14 cm™! for
v, and v3 modes, which is a significant increase from pure methane. The red-shift in peak position

is more significant for v3 than for the v4 mode. All the relevant values are listed in Table 3.
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Figure 23: v3 (left) and v4 (right) modes of 100 ML of methane solid deposited at 6K. The top

two panels show the temporal change of CH4 ice deposited through a UHV leak valve (deposition

from background gas) at a rate of 100 ML/min. The bottom two panels show the temporal change

of CHy4 ice deposited through the molecular beamline at a rate of 1 ML/min.
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Figure 24: v3 (left) and v4 (right) modes for a CH4:H,>O mixture with different concentrations. All

the mixtures were deposited at 10 K.
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Figure 25: Segregation of water (H,O) in CH4:H>O (= 80:20) mixture for a cyclic heating up

experiment in the temperature range of 10 to 30 K. The dotted IR trace represents the ice deposited

at 10 K, while the solid black line is for the ice after it has undergone one round of heat cycling

(from 10K to 30K and back down to 10K).
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Table 3: v4 and v3 band positions, shifts and FWHM of CH4:H,O with different mixing ratios

Mode Mixing ratio Peak Position (cm™') FWHM (cm ™) Shift (cm™ ')

V4 100:0 1304.8 4.5 -
95:5 1304.0 14 -0.8
90:10 1303.9 14.5 -0.9
80:20 1303.9 15.5 -0.9
20:80 1304.2 21 -0.6

V3 100:0 3010.9 7 -
95:5 3010.2 10.5 -0.7
90:10 3010.0 11.0 -0.9
80:20 3009.9 11.2 -1.0
20:80 3008.1 14.0 -2.8

4.4.5 Segregation of water in CH;:H,O ice matrix

The influence of IR inactive modes of CH4:H>O mixture was investigated in this section. Pure
methane has two IR inactive modes: v; (2904.5 cm™!) and v, (1540.0 cm™!). When water is
mixed with methane we don’t observe band splitting in Phase II CH4:H>O mixture at 10 K. But
the presence of water activates the IR inactive mode [44, 42]. Figure 25 shows two different IR
spectra of CH4:H;O for two different steps of the same experiment. The dotted marked spectra
represent CH4:H,O after the deposition at 10 K. The solid line shows the band after the ice is taken
to 30 K and then cooled back to 10 K. Two intense bands (not shown) are observed at 3500 cm ™!
and at 1635 cm~!, caused by, respectively, by O-H stretching and O-H-O scissors-bending [57].
We observe significant changes in v4 and vz modes before and after temperature cycling. Band
splitting such as R(0) for v3 and Q(1) for v4 emerges after temperature cycling (Figure 26). Band
strengths of vy, v», and of O-H-O scissors-bending decrease by about 50% after the heating up and
cooling down process. This change in IR features is indicative of partial segregation of water in
the CH4:H,>O mixture. This segregation process happens during orientational reordering of lattice

field sites of methane molecules during temperature cycling.
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Figure 26: Temporal change of Nuclear Spin Conversion of solid methane at 7 K. The ice was
prepared at 10 K (blue line), heated to 30 K, and rapidly cooled back down to 7 K (black line) to

track the NSC for v3 and v4 vibrational modes over a time of 100 min.
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Figure 27: Temporal change of Nuclear Spin Conversion of CH4:H,O (= 95:5) mixture at 7 K. The
ice was prepared at 10 K, heated to 30 K, and rapidly cool back down to 7 K to track the NSC for
v3 and V4 vibrational modes over a time period of 30 min. The top two panels show the temporal
change at 7 K after cooling down from 30 K and the bottom two panels show the temporal change

over 30 min. of ice deposited as 10 K
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Table 4: Band positions and shifts of pure methane and CH4:H,0=95:5 during NSC

Mode  Band Assignment  Pure Methane (em™) CH4:H;O(cm ™) Shift (cm™ ')

Vi R(0) 1307.3 - -
R(1) 1301.2 - -
Q(1) 1297.8 1298.7 0.9
P(1) 1294.4 - -
PQ2) 1293.2 1294.4 12

Vi R(0) 3021.0 3020.1 0.9
R(1) 3026.6 3027.2 0.6
Q(1) 3010.9 3011.4 0.5
P(1) 3004.1 - -
P(2) 3000.6 - -

4.4.6 NSC in partially segregated CH;:H;O ice mixture

Nuclear Spin Conversion (NSC) is a low-temperature phenomenon that methane ice experience at 7
to 11 K, see the previous chapter. There hasn’t been any report of NSC for a CH4:H,O ice mixture.
For this study we kept pure and CH4:H,O (95:5) ice at 10 K for 30 min after deposition, heated up
to 30 K, and then rapidly cooled back down to 7 K, and kept it at T=7 K for 100 min. From these
two experiments, see Figure 26 and Figure 27, we observe that CH4:H,O ice mixture goes through
the NSC process similar to pure methane ice. This process further proves our argument that H,O
segregates from CH4:H,O mixture if the ice is prepared in Phase II and undergoes a heat cycling.
Therefore, we observe that the ice mixture experiences NSC at 7 K (which is a distinct feature of
pure CH,4) when it underwent segregation, but not when was deposited in the mixed state (bottom
panels of Figure 27). All the relevant values of vz and v, vibrational modes peak position and
band-shift are listed in Table 4.

4.4.7 Methane and nitrogen ice mixtures with different ratios

N, is a non-polar molecule and the unit cell of N has lattice parameter of 5.64 A [49]. On the other

hand, the unit cell of CHy4 has a lattice parameter of 5.89 A. Thus, it’s a reasonable assumption
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Figure 28: FTIR spectra of solid methane in the v3 and v, vibrational modes for CH4:N;, mixture
for various concentration at a resolution of 1.0 cm~!. All the mixtures were deposited at 10 K. This
figure represents how the increase of Np in CH4:N» ice matrix distort the molecular symmetry of

v4 and v3 mode of solid methane

that in CH4:N» mixture, N, is in a substitutional site, rather than in an interstitial site as the ices
have similar lattice parameters and both have face center cubic (fcc) structure. Figure 28 shows
the IR data for v4 and vz modes of CH4:N; with different mixing ratios. We observe that there
is insignificant change once we introduce little N in the ice matrix. The CHy lattice symmetry
is disrupted once the impurity level reaches 20%. At CH4:N; 80:20 ratio we observe the satellite
peaks of CH4 v4 and vz modes completely disappear which indicates that the N, molecules in the
ice matrix disrupt the neighboring CH4 symmetry sites. We see a significant change in IR features
and FWHM values at CH4:N, 80:20. In this case, we observe the peak position is red-shifted by
0.4 cm~! and 2.3 cm™! for v4 and v3, respectively. The FWHM becomes 9.4 cm~! for v4 and
9.5 cm~! for v3 modes, which is a slight increase from pure methane v4 and v3 modes FWHM.
The blue-shift in peak position is more significant for the v3 than for the v4 mode. All the relevant

values are listed in Table 5.
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Table 5: Band positions, FWHM and shifts of v4 and v3 modes of CH4:N; for various mixing

ratios

Mode Mixing ratio Peak Position (crm ') FWHM (cm™!) Shift (cm')

V4 100:0 1304.8 4.5 -
95:5 1304.9 4.7 0.1
90:10 1305.0 4.8 0.2
80:20 1304.6 9.4 0.4
20:80 1306.4 6.5 1.4

V3 100:0 3010.9 7 -
95:5 3011.0 7.2 0.1
90:10 3011.2 75 0.3
80:20 3013.2 9.5 2.3
20:80 3018.6 12.8 8.5
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4.4.8 Diffusion of molecules in methane and nitrogen ice mixtures

Figure 29 shows two different IR spectra of CH4:N; for two different steps of the same experiment.
It shows that both CH4 and N diffuses in ice mixture as ice undergoes a heat cycling between 10
and 20 K. We observe significant change in v3 mode and v,+V4 V3+V4 combinations modes. The
peak position of v3 mode blue shifts 3012.5 cm™! to 3016.3 cm~! and FWHM becomes 14.8 cm™!
from 9.5 cm™!. In case of combination modes, V,+V4 loses its band strength by 50 % and v3+Vvy
blue shifts during this diffusion process. A detail study of CH4/N, diffusion process is presented
in Chapter 5.

4.5 Astrophysical Implications

Methane has been detected both towards low- and high-mass young stellar objects in the ISM.
Methane is predicted to form in ISM primarily from the atomic addition reaction of H-atoms and
solid C at the onset of H,O-rich ice phase of molecular clouds [59]. Observations of solid CHy
toward a few high mass young stellar objects (YSOs) show that the CH4 absorption band profiles
are broad and agree better with CHy in hydrogen-bonding ice, H;O or CH30H, than with a pure
CHy ice or CH4 mixed with CO [12]. Oberg et al. [59] reported that CHs 7.7 um (1298cm™1)
absorption feature is redshifted due to presence of water. These observational findings indicate
that interstellar CH4 most likely was formed in H,O-rich environment and mixed with other polar
and no-polar molecules. On the other hand astronomical model of galactic hot molecular cores
in the Large and Small Magellanic Clouds using a gas-grain network predicts that molecular CH4
abundance is larger when compared with the elemental abundance [2]. This fact might indicate
the segregation of CHy from the ice matrix in ISM. To date, segregation of CH4 from polar H,O
ice has not been confirmed in the laboratory. The increase in sensitivity of the JWST Mid-Infrared
telescope is expected to allow observations of CH, ice towards numerous background stars to probe
more quiescent environments, in addition to observations towards YSOs. The work presented
here is the first experimental proof of CH,4 segregation mechanism from H;O ice. The temporal
evolution of NSC (presented in Figure 24) in segregated CHy4 ice can be a crucial probe to study the
evolutionary phase of ISM CHy ice. The astrophysical importance of CH4:N; mixture is discussed

in the following chapter.
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Figure 29: Diffusion process of Ny in CH4:N> (= 80:20) mixture in a cyclic heating experiment
in a temperature range of 10 to 20 K. The blue dotted line shape represents the ice mixture upon

deposition and solid black line represents the ice that is taken to 20 K and then cooled back to 10

K.
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4.6 Summary

This chapter presents the infrared spectroscopic properties in mid-IR and near-IR spectral range
(650-5000 cm~!) of pure methane and methane ice mixtures at low temperature. It reports the
experimental data of band peaks, spectral features, bandwidth, and their variation in pure methane
and methane ice mixtures under different concentrations and thermal cycling. The main conclu-

sions we derive from this work are the following:

* Methane solid undergoes thin-film effects below 10 ML coverage. We observed changes in
the temperature of the transformation from Phase II to Phase I below that coverage. From
our experiments, we found that the transition happens around 24.0 K for 10 ML methane
ice. Beyond 10 ML ice, we observe that the transition temperature shifts close to the bulk

temperature of 20.4 K.

* Nuclear Spin Conversion (NSC) at cryogenic temperature depends on the deposition rate. In
our recent work (see Chapter 3) about metastable Phase II of methane, we showed that NSC
is very insignificant at temperature <7 K. In the present work, we showed that the rate of
NSC can vary depending on the deposition method and deposition rate. We used a UHV leak
valve for background gas deposition and a molecular beamline to deposit a similar amount
of methane at 6 K. We found that although NSC is virtually nonexistent in a fast deposition
(100 ML/min, deposited from background gas); NSC is quite active for a slow deposition of
ice at 6 K (1 ML/min, from the beamline).

* We showed that methane thin film phase transition is a slow process due to the disruption
of neighbouring sites and the substantial amount of orientational ordering and re-ordering
occur around 20.4 K. In the past decades, most of phase transition experiments of CH4 solid
were done inside closed cells. In those experiments it was showed that the phase transition
for methane solid is abrupt and centered around 20.4 K. However, ices of CHy in ISM and

planetary bodies in pure and mixed forms consist of a small number of layers.

* Methane ice IR features become distorted even if there is very little (5%) amount of water
present in the ice matrix. The peak position of the CH4:H,O matrix gets red-shifted as we
increase the amount of water in the mixture. Similarly, the FWHM of the CH4:H,O broadens

with the increased percentage of water.

* We showed evidence of water segregation with temperature cycling (warming and cooling)

of the CH4:H;O ice mixture. Water partially segregates from the CH4:H,O mixture if the ice
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experiences orientational reordering of methane molecules in the ice mixture. We know that
pure methane ice experiences NSC in the 7 to 11 K temperature range. No NSC is observed
in CH4:H>O when deposited at 7 K. Active NSC of CH4:H;0O (=95:5) mixture, prepared in
the orientationally disordered phase (Phase I) and then cooled to 7 K, shows that water is

segregated.

CH4 and N, ices have similar lattice parameters and the same fcc symmetry. A very small
amount of non-polar molecules (N;) doesn’t distort the orientational ordering of Phase II
methane. In our experiment, we showed that in CH4:N; ice matrix at least (20%) of Nj
is required for the distortion of lattice symmetry inside the ice mixture to appear. Once
the mixing ratio reaches that limit, the IR spectra of CH4:N; experience a blue shift of
peak positions of v3 and v4 modes. In addition, band splitting due to NSC diminishes for
the mixing ratio of CH4:N; (=80:20) and beyond. From the results of our experiments,
we propose that N, is in a substitution site, rather than in an interstitial site. Once the
temperature is raised, diffusion of N, becomes efficient, i.e. more N; destroys the symmetry

sites of the CHy4 structure.
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Chapter 5

Temperature Evolution of CH, : N, Ice
Mixture - an Application to

trans-Neptunian Objects

5.1 Abstract

CH4:N> ice mixtures that are relevant to the studies of Trans Neptunian Objects (TNO) were inves-
tigated using IR spectroscopy. Ices of CH4 and N, with a wide range of mixing ratios are present
in TNOs (such as Pluto, Triton, and others) in pure, binary, or ternary mixtures. The recent NASA
New Horizons flyby near Pluto piqued the current interest in CHy4: Nj ices, as these ices are im-
portant in nitrile chemistry when subjected to energetic particles/radiation. We have studied the
evolution of IR vibrational bands of CH4 in CHy: N, thin films under different conditions. The
experiments, conducted under UHV conditions, explored the influence on ice morphology of film

thickness, temperature, heating rate, and mixture ratio.
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5.2 Introduction

Trans Neptunian Objects (TNOs) are some of the most primitive and smaller solar system bodies.
The physical properties of these objects have been little known to astronomers and scientists be-
cause of their low albedos, small sizes, and large distance from Earth [91, 65, 89, 60]. Pluto and
Titan, the largest satellite of Saturn, are the two relatively larger TNOs. They have a dense N,-CHg4
rich atmosphere and surface composition similar to the primordial Earth’s atmosphere when the
earliest form of life emerged through complex chemistry [47, 78].

Nitrogen is an important component of the surface and atmosphere of Pluto and Triton [47, 51].
The surface temperature of Pluto and Triton is 33.1 K and 35.6 K, respectively. Even at these low
temperatures solid nitrogen is fairly volatile and can sublime to form an atmosphere or condense
back to nitrogen solid. In the presence of ambient pressure and at low temperature solid nitrogen
can be found in two crystal structures. 3-N, is a hexagonal close-packed structure that exists from
35.6 K up to 63.1 K [68]. Another phase, &-N;, exists below 35.6 K at low pressure and has a
cubic structure. In UHV conditions, the transition from a-N; to 3-N; solid can occur at a much
lower temperature than in equilibrium with its own gas. On the other hand, methane solid has two
crystal phases, each with an fcc lattice, but in one molecules are partially orientationally ordered,
o-CHy, while in the other, B-CHy, they are orientationally disordered. The transition temperature
is at 20.4 K in the bulk, see also preceding chapters. IR spectroscopy has been one of the main
probes for astronomers to study outer solar system bodies and for chemical physicists to mimics
the ices in those bodies. Nj is IR inactive or very weakly active. But solid N is porous [54]
and can entrap volatiles such as CH4 and CO in different ratios in the diffused solid mixture [33].
Nitrile chemistry of the outer solar system bodies can be probed through these entrapped volatiles.
Astronomers have detected methane solid diffused in N> ice in Pluto and Triton, although there has
been very little systematic experimental studies or evidence about the exact energetic processes
behind the formation of this diffused N,:CH4 solid and sublimation of the solid that creates the
thick atmosphere of Pluto and Triton.

The shapes and the relative intensities of most of the CH,4 IR bands are significantly different
in CHy isolated in Nj than those in pure CHy ice and are also sensitive to the temperature and the
crystal phase of Ny [69]. It has been found in experiments that when N,:CHy4 solid is deposited
at low temperature (i.e. 10 K) with a mixing ratio of 20:80 and higher, &-N» crystalline structure
gets distorted (Emtiaz et. al in prep). In UHV conditions and at that temperature the gas mixture
forms an immiscible -N; and a-CH4 solution, which is representative of a segregated CH4 and
N inside the solid. Once the solid is supplied with enough energy (i.e . by heating), it becomes a

diffused mixture of &-CH,4 and a-N; . This transformation is quick and dependent on the mixing
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ratio. Astronomers have reported that CH4 combination modes involving IR inactive modes (i.e.
vi+v3 and vo+vy) are absent in Triton’s spectrum, which indicates that CH4 molecules are isolated
and diffused in the N,:CHy solid [69, 23, 52].

In infrared spectroscopic study, spectra for the molecular ices at Mid-IR (v=4000-400 cm ™!
; A =2.5-25 um) absorption features are the result of their fundamental rovibrational modes and
combination modes of the fundamental modes, and their overtones. This is an obvious fact that
the Mid-IR features of IR active molecules are the strongest features of IR spectrum. On the other
hand, near-IR (v=10000-4000 em A =1.0-2.5 um) features consist of the combination modes
and higher overtones and consequently, they represent much weaker features of IR spectrum. Most
of the observational data for pure CH4 solid and CH4 mixtures present in ISM and planetary bodies
are based on near-IR features of the methane absorption spectra. For this reason, Near-IR observa-
tional data for the methane spectrum, specifically for outer solar system bodies where methane ice
mixtures have been identified, is quite difficult to match with the laboratory data based on Mid-IR.
The James Webb Space Telescope, scheduled to be launched in 2021 [31], will usher in a new age
of methane chemistry as the next-generation space telescope will be equipped with NIRCam and
MIRI. The JWST Near-Infrared Spectrometer (NIRSpec) will perform observations from 0.6 to
S um ( 16667- 2000 cm~ ') and MIRI (Mid-InfraRed Instrument)will measure mid to long wave-
length range from 5 to 27 um ( 2000- 370 cm~!) [28]. Once the data from NIRCam and MIRI is
available, the laboratory mid-IR data of pure methane solid and in mixtures with N, and H,O will
be useful.

The study of nitrile chemistry of TNOs can be a significant probe of Earth’s prebiotic history.
Most TNOs landscape were shaped by the endless condensation and sublimation cycles of the
volatile ices covering its surface [33]. The latest spectra from the New Horizons mission reveal
an abundance of methane ice on Pluto’s surface, but with striking differences from place to place
across the frozen surface of Pluto [9]. These ices can be CHy-rich ice and CH4 diffused in Nj-
rich ice [33, 67]. The size of a TNO, the distance from the sun, and its surface temperature are
the primary factors impacting an object’s surface composition. Astrophysical models of volatile
retention on TNOs take these properties into consideration when used to evaluate whether or not
a TNO should retain its initial volatile inventory over the age of the solar system [71]. Surface
diffusion and sublimation process can play an important role in volatile retention on TNOs. The
exact process of CH4/N; diffusion, and N, sublimation from ice mixture is still unknown on the
cold surface of TNOs. In this work we report two transformations in CH4 and N ice mixtures
under UHV conditions. The mid-infrared spectra are well suited to investigate the surface com-

position of TNOs, as the fundamental vibration v4 and v3 mode of methane lies in mid-infrared.
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These results will be a useful reference to analyze the observational data collected by JWST-MIRI
detector [31, 64].

The Arrhenius equation gives the dependence of the rate constant of chemical or physical
change in the ice structure on the absolute temperature, a pre-exponential factor, a other constants
of the reaction. This equation can be used to calculate the activation energy of the 1% transforma-
tion in CH4: N, ice mixture.

—Eg4

where k is the rate constant. T is the absolute temperature (in K). A is the pre-exponential factor,
a constant for each physical/chemical change. E, is the activation energy for the change, and kg is

the Boltzmann constant. Taking the natural logarithm of Equation 5.1 yields:

E
Ink=1InA— —2 (5.2)
kg
Rearranging Equation 5.2 yields:
—E; 1
Ink = —+1InA 53
n ks T +In (5.3)

Equation 5.3 has the same form as an equation for straight line, y=mx+c, where x is the reciprocal
of T. So, when a reaction has a rate constant that obeys Arrhenius equation, a plot of In A versus
T~! gives a straight line, whose gradient and intercept can be used to determine the activation

energy E,.

5.3 Experimental Methods

A detailed description UHV apparatus is given in Chapter 2 of this thesis as well as prior published
works [37]; here only the main features that are relevant to this study are summarized. We used
the lab grade compressed CH4 and N, gases from Airgas in our experiments. Gas mixtures are
prepared inside the gas-line attached to the chamber within an hour of the experiment. We also ran
a few experiments where we let the gas-mixture sit overnight and found no significant difference
in the experimental outcome. Premixed CH4 and N; gas in a gas mixing container was deposited
using a single UHV leak valve for CH4:N, mixture deposition. Ices were grown on the sample
disk by introducing methane through a stepper motor controlled UHV precision leak valve. A
LabVIEW program controlled the rate of the deposition and the thickness of the deposit. In all ex-
periments, 100 monolayers (ML, defined as 10'> molecules/cm?) of ice deposited at 8 ML/minute
has been used. This deposition dose was calculated using the impingement rate, see Chapter 2 for

details.
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5.4 Results and Analysis

We carried out two sets of experiments. In the first set, we studied the attributes of crystalline
phases of methane based on different variables. For these experiments, pure methane ices of dif-
ferent thicknesses were either produced at 6 or 10 K. Then the methane ice was either kept at
a specific temperature for an extended period of time or heated up slowly at 3 K/min until the
methane ice desorbs beyond 40 K. In the second set methane ice mixed with either water or ni-
trogen was deposited at 10 K and then the ice went through temperature cycling (heating up and

cooling down) to study the changes in IR features during the process.

5.4.1 Comparison between CH; and CH4: N, IR spectra

The presence of N; in CHy ice matrix has a different effect than the presence of other volatiles such
as H,O, see Chapter 4. Figure 30 shows a relative spectrum of pure methane and CH4:N; mixture
to mark down the first significant IR spectrum change of these cases while slow heating from 10 to
40 K. The top two plots are v4 and vz modes of pure methane at 14 K (solid line) and 15 K(dotted
line) while heating up the ice at a rate of 0.5 K/min. On the other the hand the bottom two plots
shows the v4 and v3 mode of CH4:Ny= 80:20 mixture at the same temperature point. In the case
of pure methane at 10 K, the ice is in Phase II crystalline form and as we slowly heat up the ice we
observe that some orientational disorder takes place between 14 to 15 K and simultaneously we
observe some change in the IR spectrum. However, we observe completely different behavior for
the CH4:N, mixture. We observe a significant change in shape and blue shift in peak position for
fundamental vibrational modes of CHy. For the latter part of this investigation, we would term this

change in ice mixture as 1% transformation.

5.4.2 Diffusion of molecules in CH4 and N, ice matrix

We observe the 1* transformation in 20% or more mole fraction of N, in the ice matrix. When
premixed methane-nitrogen molecules are deposited on a cold surface under UHV conditions,
the ice matrix forms patches of methane and nitrogen molecules inside the mixture. This patch
formation of individual molecules depends depends on the mixing ratio of the molecules and the
deposition temperature of the mixture. As the ice undergoes thermal processing (heated to a higher
temperature), CHy and N, molecules in segregated patches inter diffuse and mix. This mixing
is active upon deposition at 10 K for the N, dominated ice mixture. Figure 32 shows that 1%
transformation takes place between 9.6 to 10.2 K for the CHy4 :N>= 20:80 mixture. On the other

hand, for the CHy4 :N>= 80:20 mixture in Figure 30 the temperature of this transformation is much
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Figure 30: IR spectra of v4(left) and v3 (right) modes of 100 ML of pure methane (top) and
CH4:Nj= 80:20 (bottom) mixture in a temperature range of 10 to 20 K. The blue dotted line shape
represents the ice mixture upon deposition and solid black line represents the heated up ice at 20
K.
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Figure 31: IR Intensity map of v4 (top) and v3 (bottom) modes of 100 ML CH4:N>= 20:80 mixture

for a slow heating up experiment between 10 and 40 K.
higher, 14.1 to 15.0 K.

5.4.3 Diffusion of CH, and N>, molecules in N> dominated ice matrix

The diffusion energy barrier is smaller for the ice dominated by a single-molecule. We don’t ob-
serve any significant change in IR structure when the ice is dominated by CHy (>80%) as N»
(minority) molecules occupy the substitutional sites due to similar lattice parameter and fcc lat-
tice structure. As we decrease the ratio of CH4 (<80%) in the ice mixture, patches of individual
molecules form inside the ice matrix. This cluster formation of molecules depends on the deposi-
tion temperature and mixing ratio of the molecules. For this reason, we observe the temperature
range of 1* transformation increases as it requires more energy for the molecules to inter diffuse
inside the ice matrix. We observe the highest temperature range for 1¥ transformation in case of
evenly mixed (50:50) CH4 and N; molecules in Figure 33. If the ice matrix is dominated by N,
(>80%), as shown in Figure 31, CH4 and N, molecules don’t form patches upon deposition at
10 K. As the ice is mostly dominated by single-molecule (N;), diffusion of N, and CHy4 that is
observed in 1* transformation take place upon deposition at 10 K. The experiment as described in

Figure 32 further strengthens the argument where we observe 1* transformation in the ice matrix
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Figure 32: IR Intensity map of v4 (top) and v3 (bottom) modes of 100 ML CH4:N>= 20:80 mixture

for a slow heating up experiment between 6 and 40 K.

while heating up from 6 to 40 K. In this case, CH4 and N, molecules inter diffuse between 9.6 to
10.2 K for 6 K deposited CH4:N»= 20:80 ice mixture.

5.4.4 2" transformation in CH4 and N, ice matrix

We observe significant red-shift in peak position of v4 and vz modes in N, dominated ice. Figure
32 shows the slow heating up experiment of CHy :N>= 20:80 mixture from 6 to 40 K. In this
experiment in addition to 1*' transformation there is another significant change in ice structure
between 27.6 to 28.4 K. This change happens due to the sublimation of N, molecules from the ice
matrix. We call this change in ice mixture the 2"¢ transformation. We observe significant changes
in v3 mode as compared to changes in V4 mode in both transformations. For example, in the
experiment shown in Figure 32, the v3 mode blue-shifts from 3014.5 cm~! to 3021.2 cm™! during
1* transformation and red-shifts from 3021.2 cm™! to 3012.8 cm™' during 2™ transformation,
while changes in v,4 are smaller (top of Figure 32). For the sake of convenience of analysis, we

will only present vz mode data in the latter part of this work.
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Figure 33: IR intensity map of v3 mode for the 1* transformation of a CH4:N, mixture with

different mixing ratios
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Figure 34: Fitting of the temperature of the 1* transformation of CH4 and N, mixture with different

mixing ratios with a quadratic equation. Error bars represent uncertainties in establishing the

transition temperature and the fraction of N».
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5.4.5 Dependence of the 1 transformation on the mixing ratio

CH4 and N; are present in different mixing ratios as observed in planetary ices. To disentangle
the effects of mixing ratio from ice thickness and composition we performed several experiments
based on the different mixing ratios of CHy4 and N;. The summary of these experiments is shown
in Figure 33. We first observe the 1st transformation behavior for the mixture with 20 percent Nj.
We also observe 2™ transformation as the mole fraction of N, becomes 60 percent or more. The
1°" transformation of ice takes place between 10 and 20 K depending on the mole fraction of CHy
and Nj. At first, we see a monotonic increase in transformation temperature until the ice has an
even fraction of CHy and N». As the ice becomes N, dominated, we observe a reversal in the trend
of the transformation temperature, and it becomes close to 10 K as the ice is mostly dominated by
Nj. The transition temperature range and blue-shift data for the different mixing ratios of CH4 and
N, ice are presented in Table 1. We modeled the change in the transformation temperature with

different mixing ratios by fitting the temperature with a quadratic equation as shown in Figure 34.

Ratio Temp. (K) Before(cm~!) After(cm™') Blue shift

80:20 12.7-14.4  3013.2 3017.0 3.8
70:30 16.2-17.6  3013.3 3017.2 3.9
60:40 18.7-19.4 30134 3017.4 4.0
50:50 19.0-19.8  3013.6 3017.5 39
40:60 17.8-18.7 3013.8 3017.7 39
30:70 14.5-15.6  3014.0 3018.0 4.0
20:80 9.6-10.8 3014.3 3018.6 4.3

Table 6: Data of CHy: N> ice mixtures in the 1% transformation

5.4.6 Dependence of the 1% transformation on ice thickness

We found a correlation between ice thickness and 1* transformation temperature for certain mixing
ratios of CH4 and N». Figure 35 1% transformation of CHy: N takes place between 14.2-14.8 K for
a 200 ML ice mixture. We observe an exponential increase in temperature range as we lower the
ice thickness. For thicker ice (200 ML) the 1* transformation takes place close to the deposition
temperature (10 K). In the case of thinner ice (5 ML), the 1% transformation can take place at
the same temperature N, sublimates from the ice matrix. The thickness dependence of the 1%
transformation has been modeled by fitting the temperature range for varying thickness with an

exponential decay curve as shown in Figure 36.
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Figure 36: Fitting of the 1* transformation of CH4 and N, mixture with different mixing ratios

with an exponential decay curve.
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Figure 37: Fitting scheme of v3 mode in the isothermal experiment with a CH4:N; 70:30 mixture.

5.4.7 Activation energy of the 1* transformation

We have conducted several isothermal experiments with a CH4:N» 70:30 mixture between 16.1
to 16.6 K to calculate the activation energy of the 1* transformation. This analysis is done in
the v3 region, since the peak position of this mode shows a significant blue shift during the 1*
transformation. To track the temporal change of CHy vz mode peak position, each peak was fitted
with a Gaussian spectral line shape as shown in Figure 37. An isothermal experiment with the
shifted v3 mode peak position versus isothermal experiment time at 16.4 K is shown in Figure
38. After obtaining the activation rate values from the fitting, we use the Arrhenius expression
as in Equation 5.1 to find the activation energy E, for the 1% transformation in CH4:N,. In a
In(activation rate ) versus 1/T plot as in Equation 5.3, see Figure 39, data are fitted very well with
the Arrhenius expression. The calculated activation energy for the 1% transformation is 641+52 K
for a CHy4:N (70:30) mixture.
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5.5 Summary

The present study show laboratory simulations of the thermal processing of CH4:N» ice present
on icy cold surfaces or inside the thick icy core of TNOs. In this study, we showed the infrared
spectroscopic properties of methane and nitrogen ice mixtures at low temperatures. The study is
based on the overlap of midIR and near-IR spectral range (650-5000 cm~!). The main conclusions

we derive from this work are the following:

* CH4/N; ice mixture is important to probe the surface ice chemistry of TNOs. As Nj is IR
inactive, CHy IR profile provides the structural and morphological information of these type

of mixture during thermal processing.

e The 1* transformation and 2™ transformation of CH4 fundamental vibrational modes is

related to the diffusion of CH4/ N in the ice matrix and N, sublimation in the ice mixture.

 The 1* transformation of CH4/N; in the ice matrix depends on the mole fraction. We observe

a lower transformation temperature if the ice matrix is dominated by either CH4 or N».

¢ We observe a monotonic increase in 1 transformation temperature as the mole fraction of
CH4 and N, becomes even in the ice mixture as shown in Figure 34. We modeled this trend

by fitting the temperature range of the 1* transformation with a quadratic equation.

* In N, dominated ice mixture, diffusion process is active upon deposition at 10 K. We observe
the presence of the 2"? transformation as we increase the the mole fraction of N in the ice

matrix.

¢ The effect of the film thickness of the ice mixture effects on the 1* transformation temper-
ature is shown in Figure 35. We modeled this trend by fitting the temperature range of 1%

transformation for varying thickness with an exponential decay curve.

 From the Arrhenius type plot we calculated the activation energy of the 1* transformation in
the CH4:N»(70:30) mixture. The calculated activation energy is 641452 K.
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Chapter 6

Self-diffusion in '>2CO, and *CO, Thin

Films

6.1 Abstract

Self-diffusion of CO; in thin films was investigated using Infrared Spectroscopy. In our experi-
ments, we found evidence that CO, self-diffusion process in thin films is mostly dominated by bulk
crystallization of the ice structure. We used the '>CO; isotope as a probe to quantify the process.
We found that diffusion of 13CO, into '2CO; ice is active for <1 ML coverage at 30 K, but not
at 10K. Supporting deposition and slow heating data are presented. We found that CO, actively
diffuses in isotopically mixed and layer structured thin films in a temperature range between 30
and 50 K, depending on the mole fraction and layer formation. The morphological change dur-
ing thermal processing of the asymmetrical stretching mode v of 12CO, and '*CO, supports this

finding.
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6.2 Introduction

Studies of molecular thin films have a wide range of applicability from fundamental physics
and chemistry [74] to analyzing astrophysical ices [24]. Fourier-transform infrared (FTIR) spec-
troscopy is an effective tool to probe the characteristics of thin films. These process involve IR-
absorption band evolution [79, 38], phase transition [25], crystallization [37, 92], diffusion [36, 39],
physical change in structure [40], and chemical reactions [46] of molecules inside the thin film.

IR radiation can activate the long-range collective vibrations of optical phonons in the IR active
solid. CO; thin film exhibits both transverse optical (TO) and longitudinal optical (LO) phonons
in which the normal vibrations propagate through the ice lattice perpendicular and parallel to the
direction of the IR field, respectively. The transverse optical (V7o) peaks of 12C0, and 3CO, thin
films have been assigned at 2344 cm~! and 2281 cm™!; the longitudinal optical (V) peaks have
been assigned at 2382 cm~! and 2314 cm™! | respectively [61]. When a thin film is positioned at
a grazing angle to the incoming radiation, the electric field that has components both parallel and
perpendicular to the film normal and longitudinal optical phonons can be excited by the parallel
component of the field vector. In RAIRS experimental setup that uses grazing angle IR radiation
of the thin film exhibits a strong absorption peak of LO phonon mode with a minuscule presence
of TO phonon mode [8].

In this work, we describe the temperature evolution of diffusion in the 12C0,-13CO; thin film
for pre-mixed, sandwiched, and layered structure of ice matrix. We also show the temperature

dependence for this process.

6.3 Background Work

The effect of isotope presence, dimer formation, and shape of molecules in the CO, particle has
been shown experimentally and theoretically [77, 75, 76, 4]. Signorell and Jetzki [76] in Figure 1
shows that crystalline globular particles and elongated particles can have significant differences in
IR absorption peaks, while mixed particles in the ice matrix exhibit irregular IR absorption peaks
without any distinct peak. Signorell and Kunzmann [77] in Figure 1 showed the emergence of
several peaks in isotopically mixed >CO,/!3CO; particles. We have named the LO phonon mode
’LO’ and the TO phonon mode *TO’ in further discussion of this chapter. In addition, we named
the main intermediate peak "M’ and the subsidiary peak ’S’ in the following Figures.
Self-diffusion of CO, has been experimentally shown in nano-particles produced in a cooling
chamber at 78 K [3]. In these experiments Bauerecker [3] sent a pulse of 12C0, followed by one

of 13CO, in a cooling cell and observed the time evolution of the nanoparticle composed of '>CO,



77

(mantle) and 3CO; (core) or vice-versa in the case the sequence of pulsed was reversed. When
both pulses were sent in the cooling chamber at the same time, an uniform mix was obtained.
In the case of thin films, we can expect isotopic guest molecules interact with host molecules
and diffuse into each other. In IR spectroscopy, asymmetric stretching and bending modes of
molecules serve as the primary indicator of the macroscopic structure of thin-film morphology
while the combination band and overtones bands provide the microscopic structure information.
The self-diffusion in the ice matrix is supported by the evolution of the asymmetric stretching (v3)

and combination bands (V{+V3).

6.4 Experimental Methods

A detailed description UHV apparatus is given in Chapter 2 of this thesis as well as prior published
works [37]; here only the main features that are relevant to this study are summarized. In most
of the cases, for deposition of 12C0O, and '3CO,, UHV precision leak valve and molecular beam
was used both for co-deposition and sequential deposition. For these experiments, the majority
species of the formed CO; ice was sent through the UHV leak valve, and minority species were
sent through the molecular beamline. In all experiments, 100 monolayers or 20 monolayers (ML,
defined as 10> molecules/cm?) of ice were grown at varying deposition rates. This deposition

dose was calculated using the impingement rate, see Chapter 2 for details.

6.5 Results and Analysis

We carried out mainly three sets of experiments. In the first set, -the layered ice structure experi-
ment (Figure 40) - we deposited 10 ML '2CO, from the background gas using the UHV leak valve,
then deposited 2 ML 13CO, using the beamline, and then deposited 10 ML '2CO, again using the
UHV leak valve to form a sandwich structure of 2C0O,/'3C0,/'2CO; ice. In the second set, we
studied the temperature dependence of IR absorption bands of co-deposited >CO, and '*CO, with
different mole fractions (Figure 41). In the third set (Figures 42 and 43), we first deposited 20 ML
of 12C02 at 10 K and 30 K, annealed the ice at 65 K for 30 min, and cooled it back down to the
original deposition temperature. On top of the 20 ML '>CO, surface we deposited 0.5, 1.0, and
5.0 ML 3CO; and did a slow heating up experiment.
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6.5.1 Self diffusion in layered ice

Figure 40 shows the change of the asymmetrical stretching vz mode of CO; and its isotope for
the 12C0,/13C0,/'?CO, layered structure between 20 to 70 K while being heated from 10 to 110
K. The ice structure was prepared by depositing 10 ML '>CO, using the UHV leak valve, then 2
ML '3CO, using the beamline, and then 10 ML '>CO, again using the UHV leak valve to form
a layered/sandwich structure of '>2C0,/!3CO; ice. In this case, the main LO peak position blue-
shifts continuously from 2376 cm~! to 2382 cm™! due to bulk crystallization of the ice structure
between 20 to 70 K [37]. In addition, we observe the formation of the M peak of 12C0, at 2372
cm~! due to the interaction of 1*CO, and '>CO, in the sandwich layer region at ~ 30 K. Between
30 and 50 K this intermediate peak sharpens; and beyond 50 K begins to broaden. In between 50 to
70 K, we also observe an intermediate shoulder S and the TO peak at 2364 cm~! and 2344 cm™!,
respectively. In the case of 13CO,, we observe that LO and TO peaks sharpen between 20 K and

30 K which is an indication of crystallization in the ice.
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Figure 40: Slow heating up experiment of 22 ML of '>C0,/'3C0,/!?CO, (10 ML/2 ML/10 ML)
layer/sandwich structured ice deposited at 10 K. The plot shows the morphological change and
formation of several peaks (LO, TO, M, and S) of 12C0, and 3CO,. The inset shows IR traces of
20 ML '2CO, deposited at 10 K and 30 K.
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Figure 41: Slow heating up experiment of 100 ML of '2C0O,:!3CO, =95:5 mixture ice deposited
at 10 K. This plot shows the change of '>?CO, and '3CO, asymmetrical stretching v3 mode with
rising temperature. The inset diagram shows the IR traces of 20 ML 2CO, deposited at 10 K and
30 K.
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6.5.2 Slow heating up of '>’CO» and *CO, mixture

Figure 41 shows the change of the asymmetrical stretching v3 mode of CO, and its isotope in
12C0,:13C0, =95:5 mixture deposited at 10 K. He et al. [37] showed that bulk amorphous to
crystalline transformation in CO; thin-film happens between 20 and 30 K due to reorientation of
molecules in the ice matrix. In Figure 41, we see a significant change between 20 and 30 K due to
the ordering transition of CO, molecules in v3 asymmetrical stretching mode. After the crystalline
transformation process is completed at 30 K, the v3 asymmetrical stretching mode forms a double
peak (M and LO) at 2376 cm~! and 2381 cm™!, respectively. In addition, we observe that a
bump shows up in the 30 K IR trace at 2344 cm™! (TO) and at 50 K a sloping plateau appears
at 2367 cm™! (S) in the extended tail of the main peak. In the case of the 13CO, IR trace, the
M peak blue-shifts from 2292 cm~! to 2296 cm~! and the TO peak (1*CO,) shows up at 2282
cm~! between 20 and 30 K. Bauerecker [3] showed the formation of core and mantle in 12CO,
and '3CO, nanoparticles depending on the order that the pulses of gas are sent in the cooling
chamber. In his experiment, the peak at 2375 cm™! is formed due to the core formation of '>CO,
in the '2CO; and '*CO, ice mixture. In this study of the temperature evolution of the thin film, we
see a transformation from the blunt single peak of the v3 mode to the distinct double-peak feature

characteristic of intermixing, see also Figure 40.

6.5.3 Temperature dependence of CO, diffusion

Diffusion in CO; thin films is dependent on the deposition temperature. Figure 42 shows the
comparison of a low dose of 13CO, grown on top of 20 ML of '2CO, surface at 10 K ad 30 K.
The underlying 20 ML crystalline '>CO, surface was prepared either at 10 K or 30 K, heated up
and annealed at 65 K for 30 min, and cooled back down 10 or 30 K before 13CO, dosing. For
both 13CO, deposited at 10 K (left column) or 30 K (right column), we observe that the TO peak
of 3CO, at 2282 cm™! is already present due to the natural abundance of 13C0O, in 12CO,. In the
case of 10 K deposition temperature for 0.5, 1.0, and 5.0 ML, the LO peak blue-shifts to higher
wavenumber which is consistent with multi-layer formation. On the other hand, we observe wide,
irregular peak features in case 0.5 and 1.0 ML deposition of 1*CO, at 30 K due to interdiffusion
between 3CO, and 2CO,. As we increase the coverage to 5 ML, the IR absorbance feature

becomes similar to 10 K data which is typical of bulk CO,.
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Figure 42: Comparison of slow deposition experiment for 0.5, 1.0 ,and 5.0 ML 3CO, deposited
on top of 20 ML 2CO, ice at 10 K (left panels) and 30 K (right panels). In both cases 20 ML
12C02 ice was deposited at 10 K, heated up and annealed at 65 K for 30 min, and cooled back

down to respective temperature before 1>CO, deposition.
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6.5.4 Dependence of CO; diffusion on the underlying surface

There is a correlation between surface diffusion of CO, and underlying surface morphology. Al-
though annealing the underlying 20 ML '2CO, surface at 65 K in both cases increases the degree
of crystallinity [37], at 30 K surface '>CO, molecules are still mobile and actively interact with the
underlying '3CO, molecules. Figure 43 shows the heating of 1 ML '3CO, deposited on 20 ML
12C0O, between the deposition temperature (10 and 30 K) and 85 K. As the the underlying '>CO,
molecules are less mobile, for 10 K deposited IML '*CO, more energy is required for diffusion of
the top layer into the underlying ice. In the case of 1ML 3CO, deposited at 10 K, a cluster forms
between 50 K and 75 K, see the left panel of Figure 43. On the other hand, we don’t observe any
significant change in the IR band in a similar temperature range for IML 3CO, deposited at 30 K.
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Figure 43: Comparison of slow heating up experiment for 1 ML '*CO, deposited at 10 K (left) and
30 K (right) on top of 20 ML '>CO; ice as shown in Figure 42. This diagram shows the change
of 3CO, and '2CO, asymmetric stretching mode v3 between 10 K (or 30 K) and 85 K during the

slow heating up process.
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6.6 Discussion

The emergence of several peaks in the v band in isotopically mixed '2CO,/!3CO, thin films re-
quires three conditions. First, it requires the presence of resonance enhancement or resonance
coupling among molecules in neighboring unit cells in the ice matrix. For this reason, distinct
peaks in evenly mixed 12c0,/13C0, nano-particles are not observed [4]. Second, these interme-
diate peaks show up only for a certain range of sizes of the particles. These peaks are not present
for bulk CO; ice even though there is resonance coupling between nearest neighbors, see inset of
Figure 40 and [77]. In our experiment, we define < 100 ML as a thin film and all our experiments
were conducted within that limit. Finally, it depends on the shape of the CO; molecule in the thin
film. The experiments in Figure 42 and Figure 43 were done with the sequential deposition of
13C0O, on top of 20 ML '>CO,. The underlying 20 ML '>CO, is already in crystalline form due
to the annealing treatment (warm up to 65 K, and cool back down). The only difference is the
deposition temperature of '>CO, (10 K and 30 K). At 30 K the self-swapping within underlying
12C0; ice is active. Upon deposition, '3CO, replaces some of the '>CO, molecules in the unit
cells of the surface of crystalline '>CO,. We observe the emergence of peaks in '3CO, bands that
indicates resonant coupling among surface '*CO, molecules at 30 K. This formation of resonant
coupling in 1*CO, network is the evidence of self-diffusion of 13CO; into '2CO, ice upon deposi-
tion at 30 K as shown in Figure 42. From the emergence of multiple peaks, we conclude that there
is a swapping of 13CO, surface molecules with '>?CO, of the underlying ice. We don’t observe a
significant change in the '3CO, IR spectrum during the slow heating up from 30 K until the ice
desorbs as shown in the right panel of Figure 43. On the other hand, at 10 K we observe ordered
layer formation for '2CO, at low coverage (<1ML) [36]. In this case the self-swapping between
13C0O, and '>CO, gets activated between 51.4 K and 75.6 K as shown in the left panel of Figure
43.

The layered structure of >CO,/'3CO, also hints self-diffusion due to the swapping of lattice
sites while the ice is being warmed past 30 K. In this case the resonance coupling of '>*CO, with
neighboring '*CO, increases as the sandwich layer gets enough energy to replace the '>2CO, at
lattice sites during the thermal processing experiments. The isotopic mixture of >CO,/!3CO,
doesn’t show self-diffusion in the ice matrix if deposited at <30 K as the process is being shadowed
by the bulk crystallization between 20 to 30 K [37].
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6.7 Summary

This chapter presents the first investigation of the temperature evolution of self-diffusion phe-
nomena in '2CO,/!3CO, thin films. It reports the physical process and temperature range for
self-diffusion in CO, layer structured thin films. In addition, self-diffusion of CO; molecules in
sequentially deposited ice has also been investigated. The main conclusions we derive from this

work are the following:

* Bulk crystallization and self-diffusion in the thin film of CO, molecules take place in differ-

ent temperature ranges, depending on the thin film geometry.

* Evidence of self diffusion of CO; in CO; ice is obtained from the IR v3 band changes from

a blunt single peak feature to distinct double peak feature.

* In the case of the layered structure, self-diffusion is observable at a lower temperature, be-
tween 30 to 50 K.

* Self-diffusion of CO, molecules is temperature dependent. We observe that at 30 K the

self-diffusion/swapping of CO, molecules is active, but not at 10 K.

* The self-diffusion CO, molecules on the surface of ice is dependent on underlying surface
morphology. It takes more energy (i.e. higher temperature) to ignite the process if the

underlying surface is prepared at a lower temperature (10 K vs. 30 K).
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Chapter 7

Conclusions

7.1 Infrared Spectroscopic Study of Solid Methane: Nuclear Spin Conver-
sion of Stable and Metastable Phases (Chapter 3)

I studied thin films of CHy ice in order to characterize the change in their properties due to thermal
changes and deposition methods. A new metastable phase has been identified, and the process
of Nuclear Spin Conversion rates and conditions for NSC occurrance have been characterized in

greater detail and under wider conditions than before.

7.2 Infrared Spectroscopic Study of Crystalline Methane Solid and Methane
Mixture with Polar and Non-polar Molecules (Chapter 4)

I conducted experiments to measure the characteristics and thermal evolution of pure methane ices

and the influence of these properties by the addition of polar and non-polar molecules.

7.3 Temperature Evolution of CH4:N, Ice Mixture - an Application to trans-
Neptunian Objects (Chapter 5)

In this investigation, I extended the studies of the properties and thermal evolution of CHy ices
described in the preceding chapter to ices of CHs mixed with polar (H,O) and non-polar (N3)
molecules, in conditions that are relevant to interpret observations of interstellar and outer solar
system ices. These results will be useful to astronomers and modelers of the evolution of space
environments when data of the soon to be launched James Webb Space Telescope (JWST) will

become available.
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7.4 Self Diffusion in '>?CO; and *CO; Thin Film (Chapter 6)

I studied the process of self diffusion in thin film ices. This process is important in order to
understand the thermal evolution of ices and the formation of molecules in ices via diffusion of
reactants. Thin films of isotopes of CO;, (one of the major components in interstellar ices) in
various geometries were studied using mid IR spectroscopy. I found that inter-diffusion of the
minority isotope is promoted by both bulk diffusion as well by the preparation methods of the ice
of the majority isotope. In the latter case, the lower deposition temperature (10 K vs. 30 K) yields

to a different state of aggregation of the minority isotope.
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