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Abstract

Infrared spectroscopy of star- and planet-forming regions is at the dawn of a new
age with the upcoming James Webb Space Telescope (JWST). Its high resolution
and unprecedented sensitivity allows us to probe the chemical complexity of planet
forming regions, such as dense clouds, embedded protostars, and protoplanetary
disks, both in the solid state and gas phase. In support of these observations,
laboratory spectra are required to identify complex organic molecules in the ices
that cover the dust grains in these regions.

The work presented in this chapter aims to provide the necessary reference spec-
tra to firmly detect methyl formate (HCOOCH3) in the different evolutionary stages
of star- and planet-forming regions. Methyl formate is mixed in astronomically rel-
evant matrices, and the peak positions, full width at half maximum, and relative
band intensities are characterized for different temperatures to provide an analytical
tool for astronomers.

To derive the targeted spectra, methyl formate was deposited at 15 K on a
cryogenically cooled infrared transmissive window under high-vacuum conditions.
Specifically, methyl formate was deposited pure and mixed with CO, HoCO, CH30H,
H>0O, and CO:Hy;CO:CH30H combined. The sample was linearly heated until all
solid-state constituents were desorbed. Throughout the experiment, infrared spec-
tra were acquired with a Fourier transform infrared spectrometer in the range from
4000 to 500 cm ™1 (2.5-20 pm) at a spectral resolution of 0.5 cm™!.

Here the characterization of five solid-state methyl formate vibrational modes is
presented in pure and astronomically relevant ice matrices. The five selected vibra-
tional modes, namely the C=0 stretch (5.804 pm), the C—O stretch (8.256 um),
CH; rocking (8.582 pum), O—CHj stretching (10.98 pm), and OCO deformation
(13.02 pm), are best suited for a JWST identification of methyl formate. For each
of these vibrational modes, and each of the mixtures the temperature versus spec-
tra heatmaps, peak position versus full width at half maximum and relative band
intensities are given. All spectra are publicly available on the Leiden Ice Database.
Additionally, the acquired reference spectra of methyl formate are compared with
archival Spitzer observations of HH 46. A tentative detection of methyl formate
provides an upper limit to the column density of 1.7 x 107 cm~2, corresponding to
an upper limit relative to water of < 2.2% and < 40% with respect to methanol.
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4.1 Introduction

The number of identified molecular species in the different evolutionary stages of planet
forming systems is continuously increasing (McGuire 2018). The growing complexity of
newly detected species suggests that chemistry in the inter- and circumstellar medium
is active and diverse. The majority of these molecules are detected in the gas phase
with state-of-the-art facilities such as the Atacama Large Millimeter/submillimeter
Array (ALMA), but a dozen are also found in the solid state, for example, H,O and
CH3OH. These are detected through either ground-based telescopes such as the NASA
Infrared Telescope Facility (IRTF), or space-based observatories such as the Infrared
Space Observatory (ISO) and Spitzer Space Telescope.

Infrared facilities probe the vibrational modes of molecules residing in ice-covered
dust grains. These grains are present throughout the different evolutionary stages of
star and planet forming regions. To date, only small species such as water (Hz0),
carbon monoxide (CO), carbon dioxide (CO3), methane (CHy), and ammonia (NHj)
have been identified in the solid state (e.g., Boogert et al. 2015). The largest molecule
firmly identified to date in the solid-state is methanol (CH3OH), a species which by
definition is considered a complex organic molecule (COM). This is interesting as
methanol is a stepping stone toward larger COMs, such as acetaldehyde (CH3CHO),
ethanol (CH3CH3;OH), dimethyl ether (CH3OCHjs), methyl formate (HCOOCHj;),
and glycolaldehyde (HOCH>;CHO), as shown by laboratory studies (e.g., Bennett &
Kaiser 2007; Oberg et al. 2009b; Modica et al. 2012; Mufoz Caro et al. 2014; Chuang
et al. 2016; Fedoseev et al. 2017). Of these larger COMs, two, acetaldehyde and
ethanol ice, have been tentatively detected in the massive embedded protostar W33A
(Schutte et al. 1999; Oberg et al. 2011). COMs are, however, frequently observed in
the gas phase with ground-based telescopes such as ALMA and the Institut de Ra-
dioastronomie Millimetrique (IRAM; Oberg et al. 2015; Jorgensen et al. 2016; Bergner
et al. 2017; Ligterink et al. 2017, 2018a; Ceccarelli et al. 2017; McGuire et al. 2017;
Bggelund et al. 2019a,b; Manigand et al. 2020; van Gelder et al. 2020; Yang et al.
2021; Nazari et al. 2021). For example, the recent PErseus ALMA CHEmistry Sur-
vey (PEACHES) revealed that 58% of their 50 observed embedded (Class 0/I) pro-
tostars have COM emission (Yang et al. 2021). Both oxygen- and nitrogen-bearing
COMs have been detected, including, but not limited to, methanol (CH3OH), methyl
cyanide (CH3CN), formamide (NHy;CHO), methyl formate (HCOOCH;), and ethyl
cyanide (CH3CH,CN).

The changing physical conditions between the different stages of star and planet
formation provide a wide range of different (non)energetic triggers that allow the
molecular complexity to increase in both the gas phase and in the solid state. Chem-
ical models attempt to reproduce observed COM abundances, with varying degrees
of success. Such models describe the formation and destruction of COMs in labora-
tory or astronomical settings, and they include gas-phase chemistry and/or solid-state
chemistry (Garrod 2013; Taquet et al. 2016; Vasyunin et al. 2017; Quénard et al. 2018;
Ruaud & Gorti 2019; Simons et al. 2020; Jin & Garrod 2020; Wang et al. 2021). In
general, the formation of COMs is deemed more likely to occur in the solid state com-
pared to the gas phase. However, gas-phase COM signatures are also detected in cold
regions with temperatures well below their thermal desorption value. This requires
either unexplored gas-phase reactions or nonthermal desorption of COMs from the
solid state. Methyl formate is one such molecule which is expected to form in the
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solid state and yet it is observed in cold gas-phase environments, for example, the cold
prestellar cores L1689B (Bacmann et al. 2012) and low-mass protostar B1-b (Oberg
et al. 2010; Cernicharo et al. 2012). In addition to the observation of methyl formate
in cold environments, it is also seen in environments such as hot cores of massive star-
forming regions and protostars (see e.g., Belloche et al. 2013; Jorgensen et al. 2016;
van Gelder et al. 2020).

Several gas-phase formation pathways have been proposed to form methyl formate
through ion-molecule and subsequently dissociative recombination reactions. One of
the generally used gas-phase formation channels is the formation of protonated methyl
formate from protonated methanol and formaldehyde (reaction (4.1)). This protonated
methyl formate then recombines with an electron to form methyl formate (reaction

(4.2)).
[CH50H,]* + HyCO — [HC(OH)OCH;]* + H, (4.1)

[HC(OH)OCH;]* + ¢ — HCOOCH; + H. (4.2)

This reaction, with assumed high reaction rates, has been proposed to produce
significant amounts of methyl formate within 10*-10° years in chemical models of
hot cores (Millar et al. 1991; Caselli et al. 1993; Charnley et al. 1995). Horn et al.
(2004), however, investigated several ion-molecule pathways, including reaction (4.1),
to form protonated methyl formate in a quantum chemical study. They reported that
these reactions have significant activation barriers that prohibit these pathways from
efficiently contributing to the observed abundances of methyl formate in hot cores.

The authors tested an alternative association reaction between methyl ions and
formic acid (HCOOH; reaction (4.3))

CHJ + HCOOH — [HC(OH)OCH;]*, (4.3)

which was found to be more efficient. However, despite its higher rate, this pathway
is still not able to reproduce the observed methyl formate abundances in hot cores.

Recent modeling attempts by Balucani et al. (2015) suggest that nonthermally
desorped methanol ice could potentially feed the formation of COMs in the gas phase.
The gas-phase methanol reacts with a hydroxyl radical to form methoxy (reaction
(4.4)). These methoxy radicals can then subsequently react with methyl radicals to
form dimethyl ether (CH;OCHjs) through reaction (4.5). Methyl formate is formed
through the oxidation of the CHyOCHj3 radicals (reaction (4.8)), which are created
through hydrogen abstraction of dimethyl ether (Eqs. (4.6) & (4.7)). With these
reactions incorporated in their model, it is able to retrieve abundances that are in
agreement with upper limits derived from observations.

CH;0H + *OH — *OCH; + H,0 (4.4)
*OCH; + *CH; — CH3;0CH; + hv (4.5)
CH3;0CH; + F — *CH,OCH; + HF (4.6)

CH3;0CH; + Cl — *CH,0CH; + HCI (4.7)
*CH,OCH; + O — HCOOCH; + H. (4.8)
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In addition to gas-phase reactions, it is also possible to form methyl formate in the
solid state through both energetic and non-energetic processes. The associated radicals
to form methyl formate in the solid state are formyl and methoxy (reaction (4.9)), and
both radicals can be formed through energetic and non-energetic processing.

*CHO + *OCH;3 — HCOOCH;. (4.9)

Oberg et al. (2009b) investigated the formation of different COMs through the UV
irradiation of pure CH3OH ice and CH3OH mixed with either CO or CH4. In their
work, the formation of methyl formate was confirmed and reaction (4.9) was proposed
as the underlying reaction pathway. Apart from UV-photon triggered formation, it
is also possible to form methyl formate through cosmic ray irradiation (Modica &
Palumbo 2010). In their work pure methanol and mixtures of methanol and CO
were irradiated with 200 keV protons, and methyl formate was identified through
its fundamental CHj rocking vibrational mode in the infrared. Methyl formate can
also be formed in the solid state through a non-energetic process involving hydrogen
addition and abstraction reactions. The hydrogenation of CO is known to form HoCO
and CH30H (Hiraoka et al. 1994, 2002; Watanabe & Kouchi 2002a; Hidaka et al.
2004; Watanabe et al. 2004; Fuchs et al. 2009). The work by Chuang et al. (2016)
shows that the intermediate radicals — HCO, CH30, and CH>,OH — can also react with
each other in radical-radical recombinations and form COMs, such as methyl formate,
glycolaldehyde, and ethylene glycol. As is evident from these laboratory experiments,
there are sufficient pathways to form COMSs in the ices that cover dust grains.

Observational results suggest that the ices on dust grains are comprised of two
layers, a polar and an apolar layer (e.g., Boogert et al. 2015). The radicals that form
methyl formate in the solid state are part of the CO hydrogenation family. It is thus
likely that methyl formate is mixed with CO, HoCO, and CH3OH and therefore resides
in the apolar layer on interstellar dust grains.

The observational identification of COMs will receive a new impetus with the
upcoming James Webb Space Telescope (JWST). It will be possible to probe these
icy grains with higher spatial and spectral resolution than previously available. This
creates an opportunity to look for COMs in the different evolutionary stages of star
and planet forming regions. In preparation for these observations, this manuscript is
the third in a series where COMs are spectroscopically characterized in the infrared for
different astronomically relevant ice matrices (Terwisscha van Scheltinga et al. 2018;
Rachid et al. 2020). Each molecule has it own spectroscopic signature that consists
of a series of vibrational modes and allows for unambiguous identifications. In the
solid state, vibrational transition properties are influenced by the physical structure,
temperature, and surrounding molecules (Palumbo 2005; Dawes et al. 2007; Oberg
et al. 2007, 2009a; Bossa et al. 2012; Isokoski et al. 2014; He et al. 2017). These changes
in transition properties are reflected in the spectroscopic shape of the transitions, that
is, peak position, full width at half maximum (FWHM), and apparent band strengths.
The characterization of these changes offers not only a tool to identify species, but
also to characterize temperatures and mixing rates. For this, systematic laboratory
data are needed. Here the spectroscopic data for methyl formate are presented.

The paper is structured as follows. Section 2 describes the experimental setup and
how it was used to measure the spectra. In Section 3 the results are discussed and Sec-
tion 4 explores how these features can be used to interpret astronomical observations.
In Section 5 we conclude with a summary.
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4.2 Experimental

4.2.1 Setup

The experiments in this manuscript were measured on the high-vacuum (HV) setup
in the Laboratory for Astrophysics at Leiden Observatory. This setup consists of a
stainless steel chamber which is evacuated to a pressure as low as 10~7 mbar at room
temperature. The sample on which the ice was deposited is a ZnSe window, which
can be cooled down to 12 K by a closed cycle helium refrigerator. The temperature of
the sample was monitored and controlled with a LakeShore 330 temperature controller
and silicon diode temperature sensor. The spectra were acquired with a Fourier trans-
form infrared (FTIR) Varian 670-IR spectrometer. This system covers the infrared
range from 4000-500 cm™!, which corresponds to 2.5-20 pum. The best achievable
spectral resolution is up to 0.1 cm™!, but in this work a resolution of 0.5 cm™! is
used which is more than sufficient. Gas mixtures for sample deposition are prepared
in a separate multiline gas mixing system, which is able to produce gas mixtures
with a maximum error of < 10%. The specific gas and liquids used in this study
are methyl formate (Sigma Aldrich, 99.0%), carbon monoxide (Linde gas, 99.997%),
paraformaldehyde (Sigma Aldrich, 95.0%), methanol (Sigma Aldrich, > 99.8%), and
Milli-Q HyO (Type I). The paraformaldehyde was exteriorly heated with water at
80 °C to enhance depolymerization and increase the vapor pressure of pure formalde-
hyde during sample preparation. During deposition, samples containing formaldehyde
are similarly heated to prevent polymerization back into paraformaldehyde. For more
details on the experimental setup, see Chapter 2, 3, and references therein.

4.2.2 Measurement protocol

The different gas samples, whether pure or mixed, are prepared in the gas mixing
system and stored in a 2 liter glass bulb at a pressure of 20 mbar. The ratio at which
the matrix constituents are mixed with methyl formate is 20:1. This ratio ensures a
balance between sufficient dilution to investigate spectroscopic changes and adequate
signal-to-noise for quantitative analysis of the spectroscopic features. Any further
dilution is not expected to result in strong deviation of the observed results for methyl
formate. This bulb is then connected to the HV setup and the gas is subsequently
dosed onto the substrate through a needle valve. The 20 mbar pressure in the 2 liter
glass bulb ensures a large enough reservoir to have a constant deposition rate over
time. During deposition the growth of the ice is traced with the FTIR spectrometer.
The measured absorption features can be translated to a column density, Nspecics,
according to the following relation:

fband 10g10 (IIO((DD))) dv

Nspecies = 111(10) A )

(4.10)

where [, .log;, (?((;))) dv is the area of an absorption feature with Iy(7) and I(D)

as the incoming flux and transmitted flux through the sample, respectively, and the
apparent band strength is given by A’. The deposition is stopped when the col-
umn density reaches a value of approximately 2.0 x 10'® mol cm~2. This is equal to
2000 monolayers (ML), where one ML equals 10*® mol cm~2. The 2000 ML coverage
ensures that, over time, the measurement is not significantly contaminated by HoO
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Table 4.1: Selected transitions of methyl formate for solid-state identification.

Species Vibrational mode Peak position®® A
cm™! pm cm mol. ™!
Methyl formate C=O stretch. 1723.1  5.804 4.96 x 10~17(2)
C—O0 stretch. 1211.3 8256 2.93 x 10~17(2)
< CHj; rock. 1165.3  8.582 1.96 x 10~17(@)
%)  O—CHj; stretch. 910.7 10.98  4.82 x 10~18(=)
OCO deform. 768.3 13.02  1.25 x 10718(a)

Notes. (*) Peak position of the pure molecule at 15 K.
References. (*) Taken from Modica & Palumbo (2010).

background gas deposition in the setup which is 30 ML h~!. A typical deposition
takes one hour which results in a contamination by background H,O deposition of
1.5%. In order to derive the column densities, the apparent band strengths for each
of the molecules used in this study are taken from the literature and those of methyl
formate are given in Table 4.1 (Modica & Palumbo 2010; Bouilloud et al. 2015). It
should be noted that high sample coverage combined with strong absorption features
may lead to saturation and the inaccurate determination of column densities. To avoid
this, the column density was traced with multiple features during deposition.

After deposition, spectra were acquired with a resolution of 0.5 cm™! and a scan
average of 256. Once a spectrum had been acquired at 15 K, the sample was lin-
early heated and spectra were continuously acquired until the ice fully desorbed from
the sample. The heating ramp, 0.5 K min~—!, and the time it takes to measure one
spectrum, ~ 7 min, results in an acquisition every 3.5 K. This combination allows for
an optimal balance between signal-to-noise and temperature resolution per spectrum.
These spectra allow for the characterization of their peak position and FWHM as a
function of the temperature.

4.2.3 Analysis

The number of spectra acquired per experiment, that is to say for a specific gas mix-
ture, is roughly 35. A selected few spectra at characteristic temperatures of 15, 30,
50, 80, 100, and 120 K are shown in this manuscript and all other spectra are pub-
licly available from the Leiden Ice Database!. Each spectrum was baseline subtracted
with a cubic spline using fit points that were chosen by eye. In the pure spectra the
points were chosen in featureless regions, and in the diluted sample spectra the main
constituent features were incorporated in the baseline. This allows for more accurate
determination of the peak position and FWHM of the selected methyl formate tran-
sitions. As the sample was heated the molecules started to orientate themselves in
more energetically favorable positions, which changes the vibrational transition prop-
erties. This translates itself into a changing absorption feature shape and absorption
wavelength. Upon ice crystallization, for example, spectral features may narrow. An
in-depth investigation of how vibrational modes change in the solid state with changing

Thttps://icedb.strw.leidenuniv.nl



94 4.3. RESULTS AND DISCUSSION

Wavelength (um)

2.5 3.0 4.0 5.0 6.0 8.0 10.0 20.0
1 1 1 1 1 1 1 1 L1 111111l
HCOOCH; J\ Al
E
l'i co - : —
[
1%}
& |H.co AN \ A
-E 2
[e]
2
< M Aﬂ/x
H,0
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™1)

Figure 4.1: Pure normalized spectra of methyl formate (HCOOCHs3) and the matrix con-
stituents (CO, Ho,CO, CH30OH, and H20) acquired at 15 K. The shaded areas highlight the
features of methyl formate investigated in this study.

environmental ice conditions is beyond the scope of this work. In this work, the tran-
sitions are characterized by the peak positions and the FWHMs. Certain transitions,
for example, O—CHj stretching mode, are a combination of different transitions, which
overlap when the sample is in amorphous form but become independently visible when
it crystallizes. In some specific cases, it is evident that there are two or more features,
but at half maximum the features are still blended. In these cases the peak position
of the strongest transition is given with the combined FWHM and is indicated by an
asterisk. The assignments of the vibrational modes investigated in this work are given
in Table 4.1 and are taken from literature (Modica & Palumbo 2010).

4.3 Results and discussion

In this section, we discuss the analysis of the spectra of methyl formate in pure form
and mixed with astronomically relevant matrices. The spectra of methyl formate and
separate matrix constituents are shown in Figure 4.1. The shaded areas highlight the
absorption features of pure methyl formate that are potential candidates for a JWST
identification. The O—CHjs stretching mode (910.5 cm™!/10.98 ym) analysis is shown
here, and the results for the other vibrational modes mentioned in Table 4.1 are given
in the appendices. In order to visualize the large amount of data acquired, several types
of figures and tables are presented in this work. Temperature versus Spectra (TvS)
heatmaps were made for a quick and general overview of the effects of temperature
and different neighboring molecules on a single transition, see, for example, Figure 4.2.
Each panel visualizes a different ice sample, that is, pure methyl formate or methyl
formate mixed with abundant or chemically related precursor species. A horizontal
cut at a given temperature would give a regular absorption spectrum at that given
experimental temperature. Methyl formate crystallizes at approximately 90 K and
this can be seen in the top left panel by the sudden shift and intensity change. In
the top right panel, the mixture of methyl formate with CO shows that when CO
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Figure 4.2: Temperature versus Spectra (TvS) heatmaps of the O—CHs stretching mode
(910.5 cm™"'/10.98 pum) of HCOOCHj in the astronomically relevant ice matrices as a function
of temperature.

is still present in the solid state, T < 35 K, the O—CHj stretching mode feature is
blue shifted and narrower. After CO desorption, this band returns to its “original”
position. However, crystallization then occurs after 100 K, and the secondary peak is
less prominent compared to the pure sample. Even though CO is no longer in the solid
state, it has left an imprint on the absorption spectrum of methyl formate. In aid of
future astronomical identifications, a more in-depth characterization of the absorption
features is given for the five selected transitions, see Figure 4.1. For these transitions,
the FWHMs as a function of the peak position and the relative band intensities are
given for the selected temperatures, see, for example, Figure 4.3. Lastly, the exact
peak position, FWHM, and relative band intensity are given in the tables found in
the appendices. The error on the peak position and FWHM are 0.5 and 0.8 cm™!,
respectively.
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Figure 4.3: Top panel: absorption feature of the O—CHgs stretching vibrational mode
(910.5 cm™'/10.98 pm) for each of the mixtures at selected temperatures. Bottom left panel:
FWHM as a function of peak position at the selected temperatures. The error bar of each
individual point is given in the bottom left. Bottom right panel: relative band strengths for
methyl formate in the different ice matrices at 15 K with respect to the pure band strength.

4.3.1 The O—CHj; stretching mode

The O—CHj stretching vibrational mode is positioned at 910.7 cm™! (10.98 um) in a
pure methyl formate ice sample at 15 K. The TvS heatmaps of this vibrational mode
are shown in Figure 4.2. The pure TvS heatmap shows that around 100 K, solid-
state methyl formate changes from an amorphous structure to a crystalline structure.
This changes the vibrational properties and expresses itself in peak splitting and a
red shift to 899.6 cm~! (11.12 pm) for the main peak and 904.9 cm~! (11.05 pum) for
the secondary peak. In general, when methyl formate is diluted in one of the matrix
constituents (Table 4.2), the O—CHj stretching mode is blue shifted and the FWHM
decreases with the exception of the HoO matrix where the FWHM stays comparable.
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Table 4.2: Peak position and FWHM of the methyl formate O—CHjs stretching mode at
15 K in various matrices.

Mixture Temperature Apeak FWHM

(K) (em™) (pm)  (em™')  (pm)
HCOOCH; 910.47 10.983 17.51 0.2108
HCOOCH3 : CO 914.33 10.937 9.909 0.1184
HCOOCH;3 : H,CO 15 911.20 10.975 13.10 0.1577
HCOOCH; : CH30H 912.88 10.954 14.28 0.1711
HCOOCHs; : H,O 913.61 10.946 17.72 0.2131

Notes. Excerpt from Table 4.4.

In Figure 4.3, the O—CHj stretching vibrational band is shown as well as the FWHM
versus peak position for each of the characteristic temperatures, that is, 15, 30, 50, 80,
100, and 120 K. The bottom right panel of Figure 4.3 shows the relative band strength
compared to the pure band strength in different matrices at 15 K.

The apolar (CO:H2CO:CH30H) matrix analysis is omitted for the O—CHj stretch-
ing vibrational mode as HoCO and CH3OH have a vibrational matrix interaction at
approximately 915 cm™! (10.9 gm). This matrix interaction is interesting as it takes
place between two main interstellar ice constituents. It is likely that this interaction
scales with a mixing ratio and depends on whether the ice is fully mixed or layered. We
are not aware of an earlier mention of this interaction. A more detailed investigation
is beyond the scope of this work.

4.3.2 The OCO deformation mode

The OCO deformation mode is positioned at 768.3 cm~! (13.02 pum) in a pure methyl
formate ice sample at 15 K. As crystallization occurs around 90 K, the mode splits
into two modes. The main peak is blue shifted to 769.0 cm™! (13.00 pum) and the
secondary peak to 775.2 em~! (12.90 pum). This is the weakest of the transitions
selected for analysis, but it is in a favorable position as it only overlaps with the
H5O libration mode and CH3OH torsion mode. These two modes are easily fitted
into the baseline and subtracted. Acetaldehyde (CH3CHO) has a vibrational mode
at a similar wavenumber, but, the presence or absence of other vibrational modes
of methyl formate will allow for distinction from acetaldehyde. The TvS heatmaps
of the OCO deformation mode in the pure and astronomically relevant matrices are
given in Figure 4.6. The general trend is that the FWHM decreases compared to
the pure spectrum of methyl formate when mixed with other astronomically relevant
constituents. An exception to this is the HoO matrix: here the FWHM is almost
doubled by the interaction with the HoO matrix, and the peak position blue shifts
nearly 10 cm™!. The matrices containing HoCO blue shift the peak position by a
couple of wavenumbers. This is visually summarized in Figure 4.7 and the specifics
are given in Table 4.3.
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4.3.3 The CHj3 rocking mode

The CHj; rocking vibrational mode is positioned at 1165.3 cm™! (8.582 um) in a
pure methyl formate ice sample at 15 K. The mode splits into multiple features after
crystallization with the main peak at 1165.8 cm™! (8.578 um) and secondary peaks at
1177.1 ecm~! (8.496 um) and 1158.8 cm ™! (8.630 ym). This evolution of the vibrational
mode as a function of the temperature in pure form and mixed astronomically relevant
matrices is shown in Figure 4.8. The CHjs rocking mode is blended in the mixtures
containing HoCO with the CH; wagging vibrational mode of HoCO. This mode of
H,CO is positioned at 1178 cm ™! (8.489 ym), which is in the blue wing of the methyl
formate CHj rocking mode. This blending results in a larger FWHM, but it is still
smaller than the FWHM of the pure methyl formate spectra, as shown in Figure 4.9.
One should be cautious using the derived peak positions, FWHMs, and relative band
strength intensities for the mixtures containing HoCO. These values are influenced
by and depend on the ratio to which HoCO and HCOOCHj3 are deposited, in this
case 20:1. The mixtures containing CH3OH show a feature around 1130 cm~! (8.85
pum), which is the CHj vibrational rocking mode of CH3OH. Although this feature of
CH3O0H is close to the CH3 rocking mode of methyl formate, there is no overlap in
this study. Any signal associated with the CH3OH mode is omitted from the analysis.

4.3.4 The C—-O stretching mode

The C—O vibrational stretching mode is positioned at 1211.3 cm™! (8.256 pm) in
a pure methyl formate ice sample at 15 K. After crystallization, the peak is slightly
red shifted to 1210.4 ecm ™! (8.262 um), no band splitting is found, and the FWHM
decreases. However, there is a significant broad blue wing below the half maximum.
The TvS heatmaps of the pure and mixed methyl formate spectra as a function of the
temperature are shown in Figure 4.10. The CHs rocking mode of HoCO is positioned
at approximately 1247 cm~! (8.019 ym), which introduces a slight overlap with the
blue wing of the C—O stretching mode. This CHs rocking mode of HoCO is omitted
from analysis by introducing a cut-off at 1234.5 cm~! (8.100 um). The spectra, peak
positions, and corresponding FWHMs at the characteristic temperatures of the C—O
stretching mode are given in Figure 4.11. Most remarkable are the spectra of methyl
formate mixed in HoO where at 15 K the peak position is blue shifted to 1233.7 cm™!
(8.106 pm) and the FWHM is 40 cm™!, which is 10 cm™! larger compared to the
pure spectra. This feature therefore allows us to tell whether methyl formate resides
in a polar or an apolar matrix environment. Notably, at low temperatures the apolar
mixture has a FWHM of approximately 50 cm ™! due to blending with the CHy rocking
mode of HyCO.

4.3.5 The C=O0 stretching mode

The C=O0 stretching mode is the strongest vibrational mode of methyl formate at
1723.1 ecm™! (5.804 pm) in a pure methyl formate ice sample at 15 K, as shown in
Figure 4.1. After crystallization, the main peak shifts to the red to a new position
of 1698.0 cm™! (5.889 um). A secondary peak is seen at 1709.8 cm~! (5.849 um),
and a blue-wing plateau is seen. The C=0 stretching mode is, however, a common
vibrational mode that is also seen in other molecules, such as formaldehyde (HoCO),
formic acid (HCOOH), formamide (NHoCHO), acetaldehyde (CH;CHO), and acetone
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(CH3COCH3). The TvS heatmaps and detailed analysis, that is, FWHM versus peak
position and relative band strength intensities, are shown in Figures 4.12 and 4.13,
respectively. The C=O stretching mode of methyl formate mixed in H,O shows a
red-wing access and has an approximately 20% larger relative band strength. This is
due to a less precise baseline subtraction of the bending mode of HoO which overlaps
with this feature, see Figure 4.1.

Since there is an overlap with the C=0 stretch of HyCO, the matrices containing
H,CO are omitted in our analysis. In general a feature observed around 1720 cm ™!
(5.81 pm) likely consists of multiple different organic molecules with a C=0 bond.
This makes it difficult to identify a specific molecule on this vibrational mode alone.
This region is, however, ideal to get an estimate on the total amount of molecules
in the solid state containing a C=0 functional group in their chemical structure. As
such, this feature also can act as a diagnostic tool for a family of molecules. This
concept is explored in Section 4.4.3.

4.4 Infrared observations

The experiments and data analysis performed in this study will be a valuable analytical
tool for astronomers using JWST for ice surveys. The spectroscopic characterization of
methyl formate, and other COMs in the solid state (see e.g., Terwisscha van Scheltinga
et al. 2018; Rachid et al. 2020; Hudson & Ferrante 2020; Hudson et al. 2020; Gerakines
& Hudson 2020), is a prerequisite for their identification in astronomical environments
such as dense clouds, embedded protostars, and inclined protoplanetary disks. Previ-
ous observations with ISO and Spitzer have observed such sources and their spectral
resolution and sensitivity allowed for the detection of some smaller solid-state species,
including methanol (e.g., Boogert et al. 2015). A few COMs have been tentatively
identified in the massive embedded protostar W33A, namely acetaldehyde, ethanol,
and formic acid (Schutte et al. 1999; Oberg et al. 2011). The reanalysis of the ISO
W33A spectrum with laboratory spectra in Terwisscha van Scheltinga et al. (2018)
shows that it is likely possible to determine with JWST in which astronomically rele-
vant ice matrix these COMs reside.

The infrared fingerprint region covered here spans the 2000-400 cm ™! (5-25 ym)
region. An unambiguous identification of a species in this region from a single vibra-
tional band is challenging, but the presence of multiple vibrational bands considerably
helps in the assignment. Methyl formate has five potential candidates for identification
in the fingerprint region. These are the C=0 stretching mode (5.804 pm), the C—0O
stretching (8.256 pum), CHs rocking (8.582 pm), O—CHj stretching (10.98 pm), and
OCO deformation (13.02 gm) mode. The C=O stretching mode (5.804 um) is the
strongest absorption feature, but it overlaps with absorption bands of other molecules
containing a C=0 in their chemical structure. This makes it less favorable to identify
methyl formate ice, but it should be visible when other features of methyl formate are
observed. The combination of the O—CHj stretching (10.98 pm) and OCO deforma-
tion (13.02 pm) modes is most suited for an unambiguous solid-state methyl formate
identification. These vibrational modes have the lowest apparent band strengths of the
selected transitions, but they do not have interfering overlap with other species. They
will be superimposed on the HyO libration and CH3OH torsion modes, though. These
are broad features on which the superimposed methyl formate modes are clearly visi-
ble. The C—O stretching (8.256 pum) and CHj rocking (8.582 pm) modes have more



100 4.4. INFRARED OBSERVATIONS

favorable apparent band strengths, but they overlap with two of the vibrational modes
of HoCO. Since formaldehyde is chemically related to the radicals that form methyl
formate, it is reasonable to assume that these two species are mixed in the ice and
thus identification on solely these two modes is uncertain. From this it becomes clear
that an identification of methyl formate ice is not straightforward from one transition.
The unambiguous identification of methyl formate requires multiple transitions, even
if some are partially overlapping with features of other species. For overlapping species
it is important to consider the relative absorbance ratios of the individual transitions,
see Appendix 4.F.

4.4.1 Methyl formate in HH 46

Current available infrared spectra lack the spectral resolution and sensitivity to firmly
identify methyl formate ice. However, observations toward some protostars are found
to have an additional absorption on the red wing of the 10 pm silicate feature, between
11 and 12 pym. The O—CHg stretching at 10.98 pum is a potential candidate for this
observed absorption feature. HH 46, a low-mass protostar, is one of these protostars
and we used its spectrum to derive an upper limit of frozen methyl formate in this
source. This upper limit was approximated through a best fit by eye of a laboratory
spectrum of methyl formate matched to the HH 46 spectrum observed by Spitzer
(Boogert et al. 2008). These authors corrected the HH 46 spectrum by subtraction of
a standard interstellar silicate spectrum (GCS 3; Kemper et al. 2004) and a laboratory
spectrum of pure HyO ice at a temperature of 40 K (Hudgins et al. 1993). As the
spectral quality did not allow us to make a distinction as to in which matrix the methyl
formate resides, a pure amorphous spectrum was used. Figure 4.4 shows the Spitzer
spectrum of HH 46 from roughly 5.5 to 14 pm with the laboratory methyl formate
spectrum that was fitted by eye to the observed spectrum of HH 46. Additionally, the
spectral locations of some previously detected ice species, for example, NH3, CHy, and
CH3OH, are shown in Figure 4.4 by vertically dashed lines.

The C=O0 stretch (5.804 pm), C—O stretch (8.256 pum), and CHs rocking (8.582
pum) modes of methyl formate match with the observation, but they do not reproduce
the full pattern. It should be noted that in the blue wing of the astronomical 9 pym
feature, there appears to be two weak bumps at approximately 8.2 and 8.6 pym that
line up with the C—O stretch and CHg rocking modes of methyl formate. From 11 to
12 pum, there is a broad absorption that seems to be composed of multiple features, of
which at least two are positioned at 11.1 and 11.6 um. The O—CHjs stretching mode at
approximately 11 pm fits the blue wing of the 11.1 ym feature. The weakest transition,
the OCO deformation (13.02 pm), is in this case the important transition that gives
a strict upper limit on the methyl formate column density. As shown in the inset of
Figure 4.4, there is a potential absorption feature around 12.98 pym. The inset also
shows the methyl formate spectrum at that wavelength. The laboratory spectrum is
slightly red shifted and wider compared to the absorption feature in HH 46. However,
the FWHM versus peak position analysis, see Figure 4.7, of this mode shows that this
feature can be attributed to methyl formate. An upper limit of 1.7 x 10'7 cm ™2 was
found for methyl formate in HH 46. With respect to water, the upper limit abundances
of methyl formate is < 2.2%, given a HyO column density of 7.8 x 10'® cm~2, and
< 40% with respect to methanol, given a column density of 4.3 x 10*7 ecm~2 (Boogert
et al. 2008).
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Figure 4.4: Spitzer spectrum of HH 46 with subtraction of the continuum, H2O, and
silicates. Additionally, the spectrum of amorphous methyl formate and a Gaussian fit to
estimate all molecules containing a C=0 bond around 5.8 ym are shown in blue and orange,
respectively. The inset in the bottom right zooms in on the 13 pm feature where the laboratory
spectrum is vertically offset to match the optical depth of the HH 46 spectrum. Vertical
dashed lines indicate the locations of previously detected species, where the asterisk indicates
tentative detections.

4.4.2 The 11 pm feature

Infrared absorption features around 7 pm toward protostars show potential for COM
identification with JWST, for example, in W33A the absorption features at 7.25 and
7.41 pm are tentatively identified as ethanol and acetaldehyde, respectively (Schutte
et al. 1999; Oberg et al. 2011; Terwisscha van Scheltinga et al. 2018). Another exam-
ple of this type of potential region is the 11 um region, since some protostars have
an additional feature on the 10 pm silicate feature. Here we briefly look at Spitzer
IRS Short-High spectra taken from the CASSIS database of three protostars, that is,
HH 46, R CrA IRS5, and IRAS 15398 (Lebouteiller et al. 2011, 2015). Figure 4.5 shows
these normalized absorption features and how they compare to one another. In HH
46, the feature seems to be composed of at least two components with their respective
peaks at approximately 11.1 and 11.6 um. For R CrA IRS5, only the feature at 11.1
pm is seen, but with a comparable optical depth. The third source is IRAS 15398,
which has a broader feature compared to the other two. The optical depth is sub-
stantially higher, but the signal-to-noise is worse. Throughout the literature, different
possible carriers for features in this region have been proposed. Bregman et al. (2000)
attribute the observed absorption feature at 11.2 pym in Monoceros R2 IRS 3 to a C-H
out-of-plane vibrational mode of polycyclic aromatic hydrocarbon (PAH) molecules.
Surveys with both ground- and space-based telescopes have shown that across the
different environments, that is to say interstellar medium, young stars, and evolved
stars, the 11 um feature can be attributed to crystalline silicates, specifically forsterite
(Kessler-Silacci et al. 2005; Wright et al. 2016; Do-Duy et al. 2020). Based on the
data obtained in this and previous studies, we propose a third carrier as a possible
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Figure 4.5: Spitzer CASSIS pipeline spectra of R Cra IRS5, HH 46, and IRAS 15398 (from
left to right) in the 10-14 pm region. The spectra on top are derived from labortory data for
pure acetaldehyde, ethanol, and methyl formate recorded at 15 K.

candidate for the absorption feature between 11 and 12 gm, namely COMs. On top
of the infrared spectra of the three sources, Figure 4.5 shows the laboratory spectra
of three COMs: acetaldehyde (CH;CHO), ethanol (CH3CH;OH), and methyl formate
(HCOOCH3;). The laboratory spectra are offset and scaled with arbitrary factors to
show the overlap with the observed absorption features between 11 and 12 ym. A com-
bination of these and other COMs with vibrational transitions in this region could,
partially, or fully be responsible for the absorption features observed.

4.4.3 The C=O0 functional group

Different molecules with a common functional group (i.e., a CHs, NHz, or CO group)
exhibit some similar spectral features in the infrared as the involved vibrational bands
are the same. The C=O0 stretching mode is a very common functional group in COMs
containing carbon and oxygen atoms. Although each molecule has this feature at its
distinctive peak position, in general they are relatively close to each other and overlap
when ice is composed of different C=O containing molecules. The apparent band
strengths of the different C=0 stretching modes can be averaged to make an estimate
on the total amount of molecules with a C=0 in their chemical structure. In this way, a
spectral feature is not assigned to a specific molecule but to a specific class of molecules
that generally are chemically related as well. This average apparent band strength was
approximated by averaging the apparent band strengths of the molecules mentioned
in Section 4.3.5 in a one-to-one ratio (Schutte et al. 1999; Modica & Palumbo 2010;
Bouilloud et al. 2015; Hudson et al. 2018). For the HH 46 spectrum, we fit a Gaussian
at 5.831 pum with a FWHM of 0.0544 pm, see Figure 4.4. The average apparent
band strength of the C=O band is derived to be approximately 3.2 x 1077 em™!,
resulting in a column density of 7.6 x 10!” cm~2 using a Gaussian fit of the integrated
band area. The abundance of molecules with C=O in their chemical structure for
HH 46 with respect to solid-state water is 9.5%. The upper limit to the column
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density of methyl formate in HH 46 from Section 4.4.1, together with the estimate of
molecules containing a C=0 functional group, provide an upper limit of < 23% to the
contribution of methyl formate to the family of molecules containing the C=0 bond.

4.5 Conclusions

In this study we present the characterization of solid-state methyl formate in the
infrared. Spectra for pure methyl formate and mixed in astronomical matrix environ-
ments are analyzed and the TvS heatmaps, peak positions versus FWHM, and relative
band intensities are given for five selected methyl formate transitions. We conclude
the following:

1. Of the five selected transitions, the combination of the O—CHj stretching (10.98
pum) and OCO deformation (13.02 pm) modes is most suited for the unambiguous
detection of methyl formate ice. The other three transitions, C=0 stretch (5.804
pm), C—O stretch (8.256 pm), and CHj rocking (8.582 pum), potentially overlap
with chemically related species. However, these overlapping features are still
diagnostic when considering their relative intensities compared to the O—CHg
stretching and OCO deformation modes.

2. The peak position versus FWHM analysis shows that, compared to the pure
spectra, the apolar mixtures generally blue shift and decrease the FWHM of the
selected transitions. The features in a water matrix are clearly distinguishable
from the apolar constituents, for example, the C—O stretching mode in a water
matrix is blue shifted by approximately 20 cm ™.

3. Comparing the reference spectra of methyl formate with Spitzer observations of
HH 46 provides a column density upper limit of 1.7 x 10'7 cm™2. With respect
to water, the upper limit abundances of methyl formate are < 2.2% and < 40%
with respect to methanol.

4. The observed 11 pum feature has previously been attributed to polycyclic aro-
matic hydrocarbons or crystalline silicates. Several COMs show features in this
region and may be contributing carriers of this absorption feature.

5. The total amount of molecules containing a functional C=0O group in their chem-
ical structure is estimated to be 7.6 x 10'7 cm~2, which in respect to water is
equal to 9.5% for the embedded protostar HH 46.

The JWST mid-infrared instrument (MIRI) is most suited for the detection of COMs
and is expected to have a continuum signal-to-noise ratio of at most 300. This means
JWST will detect absorption features down to 1% of the continuum flux at a 3o level.
A detection of frozen COMs such as methyl formate ice following the spectroscopic
data presented here, will be challenging with JWST, and possibly limited to chemically
evolved inter- and circumstellar regions.
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Appendix
4.A The OCO deformation mode
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Figure 4.6: Temperature versus Spectra (TvS) heatmaps of the OCO deformation mode
(768.3 cm ™' /13.02 pum) of HCOOCHj in the astronomically relevant ice matrices as a function
of the temperature.
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Table 4.3: Peak position and FWHM of the methyl formate OCO deformation stretching
mode (768.3 cm™'/13.02 um) in various matrices.

Mixture Temperature Apeak FWHM
(K) (em™") (pm)  (em™')  (um)
HCOOCH;3 768.48  13.012  8.061  0.1361
HCOOCHs3 : CO 768.25  13.017  3.404  0.0576
HCOOCHs3 : H2CO 15 770.42 12980  5.089  0.0857
HCOOCH; : CH30H 768.49  13.013 5329  0.0902
HCOOCH;3 : H20 777.65 12.859  13.11%* 0.2184*
HCOOCH;3 : Apolar 769.94  12.988  4.941  0.0833
HCOOCH;3 768.49  13.012 7987  0.1349
HCOOCHs3 : CO 768.49  13.012  4.479  0.0757
HCOOCH;3 : HoCO 30 770.42 12.980 4.927  0.0829
HCOOCH;3 : CH30H 768.25  13.017  5.050  0.0855
HCOOCH3 : H20 777.65  12.859 13.37%  0.2228*
HCOOCH;3 : Apolar 769.94 12.988 4.743 0.0800
HCOOCH3 768.49  13.012 7.785  0.1314
HCOOCH3 : CO 768.73  13.008  7.296  0.1231
HCOOCH3; : H,CO 50 770.66  12.976  4.747  0.0799
HCOOCH;3 : CH30H 768.25  13.017  4.709  0.0797
HCOOCH; : H20O 777.65  12.859 13.73*%  0.2289*
HCOOCH; : Apolar 769.94  12.988  4.523  0.0763
HCOOCH3 768.25  13.017  7.396  0.1249
HCOOCH;3 : CO 768.25 13.017 7.025 0.1186
HCOOCH; : H,CO 80 770.42 12980  4.385  0.0739
HCOOCH;3 : CH30H 768.25  13.017  4.336  0.0734
HCOOCH; : H20 769.94 12.988 14.21* 0.2374*
HCOOCH3 : Apolar 769.94 12,988  4.290 0.0724
HCOOCH3 768.97  13.004  2.095 0.0354
77524 12.899 — -
HCOOCH3 : CO 768.25  13.017  6.623  0.1119
HCOOCH; : HoCO 100 768.97 13.004 5.281 0.0892
HCOOCH;3 : CH30H 768.25  13.017  4.279  0.0725
HCOOCH;3 : H20 769.94 12.988  13.51% 0.2261%*
HCOOCH;3 : Apolar 769.69 12.992 4.484  0.0757
HCOOCH;3 768.73  13.008 1.971 0.0333
775.00 13.008 — —
HCOOCH; : CO 768.45  13.017 1.710 0.0287
77524  12.899 — -
HCOOCH3 : H2CO 120 768.97  13.004 1.546 0.0262
77524 12.899 — -
HCOOCH;3 : CH30H 768.25  13.017 3.289 0.0558
775.24  12.899 — —
HCOOCH; : H20 769.21 13.000 6.784 0.1147
HCOOCH3 : Apolar 768.49  13.013 4.505 0.0762

Notes. *) FWHM result of two or more blended peaks.
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4.B The O—CHj; stretching mode

Table 4.4: Peak position and FWHM of the methyl formate O—CHgs stretching mode (910.5
em™!/10.98 pm) in various matrices.

Miscture Temperature Apeak FWHM
(K) (cm™')  (um)  (ecm™')  (um)
HCOOCH; 910.47 10.983 17.51 0.2108
HCOOCH;3 : CO 914.33  10.937  9.909 0.1184
HCOOCH; : H,CO 15 911.20 10.975 13.10 0.1577
HCOOCH; : CH30H 912.88  10.954 14.28 0.1711
HCOOCH;3 : H>O 913.61 10.946 17.72 0.2131
HCOOCH; 910.23 10.986 17.20 0.2071
HCOOCH;3 : CO 914.33 10.937 11.48 0.1371
HCOOCH; : H,CO 30 911.20 10.975 12.83 0.1544
HCOOCH;3 : CH30H 912.88 10.954 13.67 0.1638
HCOOCH;3 : H>O 912.88 10.954 17.34 0.2085
HCOOCH; 909.99  10.989 16.60 0.2000
HCOOCH; : CO 912.16  10.963 16.19 0.1945
HCOOCH; : H,CO 50 911.20 10.975 12.36 0.1485
HCOOCH;3 : CH30H 913.12 10.951 12.92 0.1548
HCOOCH;3 : H>O 913.85 10.943 16.51 0.1982
HCOOCH; 909.27 10.998 15.72 0.1896
HCOOCH; : CO 910.47 10.983 15.63 0.1882
HCOOCH;3 : H,CO 80 911.20 10.975 11.90 0.1434
HCOOCH;3 : CH30H 913.12 10.951 11.13 0.1335
HCOOCH;3 : H>O 912.88  10.954 16.06 0.1927
HCOOCH;3 899.63 11.116 3.374  0.0417
904.93 11.051 — -
HCOOCH;3 : CO 100 909.51  10.995 15.21 0.1836
HCOOCH;3 : H,CO 907.58 11.018 7.982 0.0966
HCOOCH;3 : CH30H 912.88 10.954 11.32 0.1357
HCOOCH; : H,O 914.09 10.940 15.60 0.1871
HCOOCH; 899.87  11.113 3.422 0.0422
905.17 11.048 — -
HCOOCH;3 : CO 899.38  11.119 2.295 0.0284
905.17 11.048 — —
HCOOCHj; : H,CO 120 901.07  11.098 2.418 0.0298
905.41 11.045 — -
HCOOCH;3 : CH30H 904.69 11.054  8.354* 0.1025*
899.63 11.116 — —
HCOOCH;3 : HyO 915.05 10.928 15.87 0.1901

Notes. *) FWHM result of two or more blended peaks.
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4.C. THE CH3; ROCKING MODE
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Figure 4.8: Temperature versus Spectra (TvS) heatmaps of the CHs rocking mode (1165.3
ecm ™! /8.582 um) of HCOOCH; in the astronomically relevant ice matrices as a function of
the temperature.
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Figure 4.9: Top panel: absorption feature of the CHs rocking vibrational mode (1165.3
cm™'/8.582 um) for each of the mixtures at selected temperatures. Bottom left panel:

FWHM as a function of the peak position at the selected temperatures.

The error bar

of each individual point is given in the bottom right. Bottom right panel: relative band
strengths for methyl formate in the different ice matrices at 15 K with respect to the pure
band strength.
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Table 4.5: Peak position and FWHM of the methyl formate CHs rocking mode (1165.3

cm™! / 8.582 um) in various matrices.

Mixture Temperature Apeak FWHM
(K) (em™") (pm)  (em™')  (um)
HCOOCH;3 1165.3  8.5817 27.17 0.2009
HCOOCHs3 : CO 1162.1  8.6048 10.53 0.0777
HCOOCH3 : H2CO 15 1167.9  8.5622 22.75 0.1654*
HCOOCH; : CH30H 1167.0  8.5693 23.01 0.1701
HCOOCH; : H20O 1173.0  8.5253 13.11 0.0953
HCOOCH;3 : Apolar 1170.1 8.5463 17.72 0.1293
HCOOCH;3 1165.3  8.5817 26.94 0.1992
HCOOCHs3 : CO 1161.6  8.6084 12.01 0.0887
HCOOCH;3 : HoCO 30 1167.7  8.5634 22.73 0.1653*
HCOOCH;3 : CH30H 1165.8  8.5782 21.59 0.1596
HCOOCH; : H20 1173.0  8.5253 12.75 0.0927
HCOOCH;3 : Apolar 1169.1 8.5634 18.23 0.1331
HCOOCH3 1165.3  8.5817 26.31 0.1945
HCOOCH;s : CO 1167.4  8.5658 23.14 0.1704
HCOOCH3; : H,CO 50 1167.4  8.5658  22.50 0.1637*
HCOOCH;3 : CH30H 1166.0  8.5763 19.69 0.1455
HCOOCH3 : H20 1172.5  8.5288 12.38 0.0901
HCOOCH; : Apolar 1167.9  8.5622 18.70 0.1366
HCOOCH3 1164.8  8.5853 25.35 0.1875
HCOOCH;3 : CO 1167.4  8.5658 23.16 0.1706
HCOOCH; : H,CO 80 1167.0  8.5693 21.70*  0.1580*
HCOOCH;3 : CH30H 1166.0  8.5764 17.49 0.1293
HCOOCH; : H20 1172.3  8.5305 13.23 0.0964
HCOOCH; : Apolar 1166.5  8.5728 18.94 0.1385
HCOOCH3 1165.8  8.5782  2.854  0.0210
1177.1  8.4956 — -
HCOOCH3 : CO 100 1163.8  8.5924 24.00 0.1776
HCOOCH;3 : H,CO 1176.8  8.4973 2.113 0.0153
HCOOCH;3 : CH30H 1165.5  8.5799 16.70 0.1235
HCOOCHs : H20 1171.8  8.5340 14.51 0.1060
HCOOCH;3 : Apolar 1165.5  8.5799 16.09 0.1186
HCOOCH;3 1165.8  8.5782 2.742 0.0202
1176.8  8.4973 — -
HCOOCH;3 : CO 1171.1 8.5393 4.508 0.0328
1165.8  8.5782 — -
HCOOCH3 : H2CO 120 1174.2 85165  3.921  0.0285
1166.0  8.5764 — -
HCOOCH;3 : CH30H 1165.5  8.5799  —** —**
HCOOCH; : H20 1166.2  8.5746 14.03 0.1027
HCOOCH; : Apolar 1176.8  8.4973  1.258  0.0091
1164.5  8.5870 — -

Notes. *) FWHM result of two or more blended peaks.

*) Due to severe
blending with the matrix constituent, there is no FWHM determination.
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4.D The C—-0O stretching mode

HCOOCH3 HCOOCHS3; : CO (1:20)
Wavelength (um) Wavelength (um)
7.9 8.0 8.1 8.2 8.3 7.9 8.0 8.1 8.2 8.3
125 _
X X
[ [
GS) 100 Q g I
= © frr} o
Qo wu Qo wu
g 50 2 g 2
[ [
25
1260 1240 1220 1200 1260 1240 1220 1200
Wavenumber (cm™!) Wavenumber (cm™?)
HCOOCHS3 : H,CO (1:20) HCOOCH; : CH30H (1:20)
Wavelength (um) Wavelength (um)
7.9 8.0 8.1 8.2 8.3 7.9 8.0 8.1 8.2 8.3
150
< o ¥ 125 o
[ [v] [ [v)
E 5 5100 5
o 2 © £
g S g 75 [
£ E £ E
7] < @ 50 <
[ [
25
1260 1240 1220 1200 1260 1240 1220 1200
Wavenumber (cm™?!) Wavenumber (cm™?)
HCOOCH3; : H,0 (1:20) HCOOCH; : CO : H,CO : CH30H (1:20:20:20)
Wavelength (um) Wavelength (um)

7.9 8.0 8.1 8.2 8.3

Absorbance
Temperature (K)
Absorbance

7.9 8.0 8.1 8.2 8.3
150
125
100

1260 1240 1220 1200

1260 1240 1220 1200
Wavenumber (cm™!) Wavenumber (cm™1)

Figure 4.10: Temperature versus Spectra (TvS) heatmaps of the C—O stretching mode
(1211.3 cm™"/8.256 um) of HCOOCHj3 in the astronomically relevant ice matrices as a func-
tion of the temperature.
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Figure 4.11: Top panel: absorption feature of the C—O stretching vibrational mode (1211.3
cm™'/8.256 um) for each of the mixtures at selected temperatures. Bottom left panel:
FWHM as a function of the peak position at the selected temperatures. The error bar of each
individual point is given in the bottom left. Bottom right panel: relative band strengths for
methyl formate in the different ice matrices at 15 K with respect to the pure band strength.
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Table 4.6: Peak position and FWHM of the methyl formate C—O stretching mode (1211.3
em™'/8.256 ym) in various matrices.

Mixctire Temperature Apeak FWHM
(K) (em™")  (pm)  (em™') (um)
HCOOCH;3 1211.8 8.2522  30.55 0.2063
HCOOCH; : CO 1207.2 8.2835 11.53 0.0788
HCOOCH;3 : Hy,CO 15 1213.7 8.2391 18.26 0.1234
HCOOCH;3; : CH30H 1210.3 8.2621 25.40 0.1718
HCOOCHs5 : H,O 1233.2 8.1087 40.13 0.2621
HCOOCHj3; : Apolar 1213.0 8.2440 51.47* 0.3389*
HCOOCH;3 1212.0 8.2506 30.37 0.2051
HCOOCH; : CO 1207.2  8.2835 12.88 0.0880
HCOOCH;3 : Hy,CO 30 1213.5 8.2408 18.20 0.1230
HCOOCH; : CH30H 1210.3 8.2621 18.22 0.1239
HCOOCH; : HyO 1233.5 8.1071 39.24 0.2563
HCOOCH;3 : Apolar 1213.0 8.2440 50.66* 0.3338*
HCOOCH;3 1211.8 8.2522 29.82 0.2015
HCOOCH;3 : CO 1214.9 8.2309 33.38 0.2242
HCOOCH; : H,CO 50 1213.5 8.2408 18.17 0.1229
HCOOCH; : CH30H 1210.3 8.2621 14.78 0.1008
HCOOCH;3; : HyO 1233.0 8.1102 37.40 0.2445
HCOOCHs3; : Apolar 1213.0  8.2440 49.73*  0.3279*
HCOOCH3 1210.6 8.2604 28.34 0.1917
HCOOCH; : CO 1213.7 8.2391 32.85 0.2208
HCOOCH;3 : H,CO 80 1213.2 8.2424 17.08 0.1156
HCOOCH; : CH30H 1210.1 8.2637 13.60 0.0928
HCOOCH;3; : HyO 1231.1 8.1230 35.17 0.2312
HCOOCHj3; : Apolar 1212.8 8.2457 14.40 0.0978
HCOOCH;3 1210.4 8.2621 21.13 0.1426
HCOOCH3; : CO 1209.4 8.2687 27.18 0.1840
HCOOCH;3 : Hy,CO 100 1212.8 8.2457 27.42 0.1857
HCOOCH; : CH3;0H 1210.1 8.2637 13.66 0.0932
HCOOCHs3 : H,O 1230.8  8.1246 38.50*  0.2548*
HCOOCH3; : Apolar 1212.5 8.2473 14.90 0.1013
HCOOCH;3 1210.1 8.2637 17.89 0.1211
HCOOCH;3; : CO 1212.5 8.2473 21.22 0.1430
HCOOCHs5 : H,CO 1230.8  8.1246 30.35 0.2026
HCOOCH; : CH30H 120 1209.9 8.2654 14.93 0.1017
HCOOCH; : HyO 1228.9 8.1373 38.13* 0.2537*
1213.0 8.2440 — —
HCOOCHs3; : Apolar 1210.3 8.2621 25.64* 0.1760*

Notes. *) FWHM result of two or more blended peaks.
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4.E The C=0 stretching mode
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Figure 4.12: Temperature versus Spectra (TvS) heatmaps of the C=O stretching mode
(1723.1 cm™'/5.804 pm) of HCOOCHj; in the astronomically relevant ice matrices as a func-

tion of the temperature.
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Figure 4.13: Top panel: absorption feature of the C=0 stretching vibrational mode (1723.1
cm™'/5.804 um) for each of the mixtures at selected temperatures. Bottom left panel:
FWHM as a function of the peak position at the selected temperatures. The error bar of
each individual point is given in the top left. Bottom right panel: relative band strengths for
methyl formate in the different ice matrices at 15 K with respect to the pure band strength.
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Table 4.7: Peak position and FWHM of the methyl formate C=0 stretching mode (1723.1
ecm™'/5.804 pm) in various matrices.

Mixctire Temperature Apeak FWHM
(K) (em™")  (pm)  (em™') (um)
HCOOCH;3 1722.8 5.8044 30.94 0.1043
HCOOCH; : CO 15 1733.4 5.7689 12.80* 0.0425*
HCOOCH; : CH30H 1722.1 5.8068 17.57 0.0593
HCOOCH; : HyO 1712.5 5.8395 51.14* 0.1762*
HCOOCH3 1722.8 5.8044 30.75 0.1038
HCOOCH; : CO 1733.0 5.7705 14.26* 0.0474*
30 1739.5 5.7489 — —
HCOOCH; : CH30H 1722.1 5.8068 16.28 0.0549
HCOOCH;3; : HyO 1712.7  5.8387 49.67*  0.1711%*
HCOOCH;3 1722.4 5.8060 30.61 0.1033
HCOOCH; : CO 50 1726.7 5.7914 28.20 0.0950
HCOOCH; : CH30H 1722.4 5.8060 14.72 0.0496
HCOOCH; : HyO 1714.2  5.8338 46.45*  0.1597*
HCOOCH3; 1720.7  5.8117 30.38 0.1027
HCOOCH; : CO 80 1725.5 5.7955 29.02 0.0978
HCOOCH; : CH30H 1722.8 5.8044 13.27 0.0447
HCOOCH; : HyO 1715.6  5.8289 38.74*  0.1325%*
HCOOCH5; 1698.0  5.8893 5.659  0.0196
1709.8 5.8486 — —
HCOOCH; : CO 100 1718.0 5.8207 29.54 0.1000
HCOOCH; : CH30H 1723.3 5.8028 13.11 0.0442
HCOOCH;3; : HyO 1715.1 5.8305 38.54*  0.1312*
HCOOCH3; 1698.7  5.8868 5.239  0.0181
1710.5 5.8461 — —
HCOOCH; : CO 120 1699.2 5.8851 5.769 0.0200
HCOOCH; : CH30H 1723.8  5.8011 13.85 0.0466
1699.2  5.8851 — —
HCOOCHs3 : H,O 1716.1 5.8272 41.30*  0.1398*

Notes. (*) FWHM result of two or more blended peaks.
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