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4.1 Introduction

Abstract

Context. Sulfur is depleted with respect to its cosmic standard abundance in dense star-
forming regions. It has been suggested that this depletion is caused by the freeze-out of sulfur
on interstellar dust grains, but the observed abundances and upper limits of sulfur-bearing ices
remain too low to account for all of the missing sulfur. Toward the same environments, a
strong absorption feature at ~6.85 um is observed, but its long-standing assignment to the
NH4 " cation remains tentative.

Aims. We aim to spectroscopically investigate the plausibility of NH4SH salt serving as a
sulfur reservoir and a carrier of the 6.85 um band in interstellar ices by characterizing its IR
signatures and apparent band strengths in water-rich laboratory ice mixtures. We then use this
laboratory data to constrain NH4SH abundances in observations of interstellar ices.
Methods. Laboratory transmission IR spectra of NH3:H, S ice mixtures both with and without
H,O were collected. The apparent band strengths of the NH; ™ asymmetric bending (v4)
mode and the SH™ stretching mode in H,O-containing mixtures were calculated with Beer’s
law plots. The IR features of the laboratory salts were compared to those observed toward a
sample of four protostars (two low-mass, two high-mass) and two cold dense clouds without
star formation.

Results. Apparent band strengths ranging from 3.2(£0.3)-3.6(0.4)x10~!7 ¢m molec™!
and 3.1(+0.4)-3.7(£0.5)x 1071 ¢cm molec~! are calculated for the NH4* v4 mode at ~6.8
um/1470 cm~! and the SH™ stretching mode at ~3.9 um/2560 cm™!, respectively, in NH4SH:
H,O mixtures. The peak position of the NH;4 v4 mode redshifts with increasing tempera-
ture but also with increasing salt concentration with respect to matrix species HoO and NH3.
The observed 6.85 um feature is fit well with the laboratory NH4SH:H,O ice spectra. NH4™
column densities obtained from the 6.85 yum band range from 8-23% with respect to H,O
toward the sample of protostars and dense clouds. These column densities are consistent with
the optical depths observed at 3.9 um (the SH™ stretching mode spectral region). A weak
and broad feature observed at ~5.3 um/1890 cm™! is tentatively assigned to the combination
mode of the NH4" v4 mode and the SH™ libration. The combined upper limits of four other
counter-anion candidates, OCN~, CN~, HCOO™, and Cl~, are determined to be <15-20% of
the total NH4+ column densities toward three of the protostars.

Conclusions. The redshift of the 6.85 um feature correlates with higher abundances of NH, ™
with respect to H,O in both the laboratory data presented here and observational data of dense
clouds and protostars. The apparent band strength of the SH™ feature is likely too low for the
feature to be detectable in the spectrally busy 3.9 yum region, but the 5.3 um NH4" v4 + SH™
R combination mode may be an alternative means of detection. Its tentative assignment adds
to mounting evidence supporting the presence of NH4 " salts in ices and is the first tentative
observation of the SH™ anion toward interstellar ices. If the majority (=>80-85%) of the NH4 "
cations quantified toward the investigated sources in this work are bound to SH™ anions, then
NH4SH salts could account for up to 17-18% of their sulfur budgets.

4.1 Introduction

The observed depletion of sulfur toward star-forming regions is a persistent topic of debate
in the field of astrochemistry. In the diffuse interstellar medium, sulfur is mostly present
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Chapter 4

in its singly ionized form (S*) with an observed abundance of ~1.7x 107> with respect to
hydrogen (Esteban et al.|2004), similar to its observed solar abundance as well as the abun-
dance measured in CI chondrite meteorites (Lodders|2003; |Asplund et al.|2009). However,
in the higher-density cold interstellar environments like dense clouds, prestellar cores, and
protostellar envelopes from which stellar systems eventually form, the abundance of observed
gas-phase sulfur species can be two or three orders of magnitude lower (Joseph et al.|[1986;
Tieftrunk et al.||[1994).

Many chemical models suggest that in such cold and dense environments, most of the
sulfur should freeze out and form H,S ice via hydrogenation on the surfaces of interstellar
grains (Garrod et al.|2007; [Druard & Wakelam|2012; |Vidal et al.|2017; |Vidal & Wakelam
2018]), but to date, no convincing detection of this ice in the interstellar medium exists. This
is in part due to the fact that the strongest IR absorption of H,S ice, its stretching mode at
3.93 um (2547 cm™"), has a broad profile that overlaps with combination modes of CH;0H
ice, a major constituent of interstellar ices, in the same spectral region. Additionally, several
other species with S-H bonds have been shown to have absorption profiles similar to H,S that
peak between 3.93-3.96 um, making a secure assignment of any absorption detected in this
spectral region specifically to H,S ice difficult (Hudson & Gerakines|2018)). Nevertheless,
H,S ice upper limits measured toward prestellar cores and protostars are typically <1% with
respect to HpO, indicating that H,S ice cannot be the major sulfur carrier in these dense
environments (Smith||1991}; |Jiménez-Escobar & Caro|2011; McClure et al.|2023). Two other
sulfur-bearing ice species, OCS and SO;, have been detected more securely but at very low
abundances (< 1% with respect to H>O, Boogert et al.|[1997; Oberg et al.|2008} Boogert et al.
2022 [McClure et al.|2023; [Rocha et al.|[2024); therefore, these ices can also only account for
at maximum a couple of percent of the cosmic sulfur budget.

This observed sulfur depletion, sometimes dubbed “the missing sulfur problem,” has
spurred a variety of questions in the astrochemical community over the past couple of decades.
These include why H;S ice is not detected despite what models predict, whether H,S reacts
on the ice grain surfaces and forms other icy species that are not easily detected (e.g.,/Garozzo
et al.[2010; Jiménez-Escobar & Caro|2011; Jiménez-Escobar et al. 2014} |Chen et al.[|2014;
Woods et al.|2015; Martin-Doménech et al.|2016; [Laas & Caselli|2019), whether H5S ice is
just quick to chemisorb into the gas phase from the grain surface following its formation (Oba
et al.|2018; [Furuya et al.[2022} Santos et al.|2023)), or if most of the sulfur is actually hidden
in minerals like sulfides (e.g., Keller et al.[2002; [Kama et al.[2019 [Perrero et al.|[2024).

An essential clue may lie in the recently published analysis of in situ mass spectrometric
data of the dust grains of comet 67P collected by the ROSINA Double Focusing Mass Spec-
trometer (Altwegg et al.[2022). This work shows that the cometary grains contain NH4SH salt
(NH4TSH™) in exceptionally high abundance. In fact, it is estimated that approximately 90%
of the ammonium (NH4 ™) cations in the analyzed dust grains could be bound to SH™ anions.
As it is thought that comets may be chemically linked to pre- and protostellar environments
(Bockelée-Morvan et al.|2000; |Drozdovskaya et al.[2019; |Altwegg et al.[2019), it is no stretch
to hypothesize that NH4SH salts could be similarly abundant in primitive interstellar ices.

Experiments show that at the cold temperatures expected in the environments where sulfur
depletion is observed, NH4SH forms readily via an acid-base reaction between NH3z and H,S
(Loeffler et al.[2015;[Hudson et al.[2015; Vitorino et al.|2024). Both molecules are expected to
accumulate on interstellar grains around the same time, during the prestellar epoch in which
most of the HyO ice forms, based on their deuterium ratios measured in the gas phase (Vastel
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4.1 Introduction

et al.||2003} [Caselli & Ceccarelli|2012). Indeed, NHj3 ice has been securely detected toward
both dense clouds and protostellar ice envelopes via its 9 m umbrella mode, with abundances
ranging from 3-10% with respect to H,O (Boogert et al.|20135)), and its peak profile and nar-
row abundance distribution with respect to H,O indicate that it likely exists in a water-rich
environment (Bottinelli et al.|2010; ()berg et al.[2011).

Furthermore, the NH; " cation has long been suspected to be the primary carrier of the
ubiquitous 6.85 um feature that is present in the majority of ice-containing lines of sight
(Knacke et al.[1982; |Grim et al.[1989alb)). The peak position of this feature has also been pro-
posed as a tracer of thermal processing due to its correlation with dust and ice temperatures in
protostellar envelopes (Keane et al.|2001; [Boogert et al.|2008)), a trend that is experimentally
corroborated by a redshift in the NH4 " v, feature observed during the warm-up of laboratory
ammonium salt ices (Schutte & Khannal2003). NH4™ pre- and protostellar ice abundances
calculated from the 6.85 pm feature (using a band strength of 4.4x 1077 cm molec™! mea-
sured for the asymmetric bending mode v, of NH4 ™ in laboratory mixtures of NH4s tHCOO™
salts diluted in H>O, |Schutte & Khanna|2003)) range from 4-34% with respect to H,O, on par
with abundances of the major ice constituents CO, CO,, and CH30H (Boogert et al.|2015).

However, the assignment remains controversial for multiple reasons. First, no labora-
tory data of NH4 " -containing ices have provided a “convincing” fit to the observed feature
(Boogert et al.|2015). In particular, currently available laboratory spectra of ammonium salts
diluted in H,O-rich ice matrices are too broad and weak to fit the observed feature (Maté
et al.|2009; |Galvez et al.[2010) despite column density correlations indicating that the primary
carrier of the 6.85 um feature is chemically linked to H>O ice (Tielens & Allamandola|1987;
Pontoppidan/2006; Boogert et al.|2011). Additionally, the combined abundances with respect
to H,O ice of anionic species identified so far in interstellar ices, OCN~ and HCOO™, are
usually over an order of magnitude lower than those calculated for NH4 (e.g., [Schutte et al.
1999; ivan Broekhuizen et al.|[2004} 2005; Boogert et al.|[2022; McClure et al.|[2023} Rocha
et al.|2024), so if the 6.85 um band indeed consists primarily of the v4 mode of NH4 ™, other
anionic species must be identified to fully counterbalance its net positive charge. Further-
more, no other bands have been unambiguously assigned to NH4™; although the 3.26 and
3.48 um features observed toward some sources on the red wing of the 3 um H,O feature
have been proposed to be NH4 ' combination modes (Schutte & Khannal[2003)), absorptions
at these wavelengths could also be attributed to PAHs (Sellgren et al.[1995) and NH3 hydrates
(Dartois & d’Hendecourt|2001), respectively.

With this work, we seek to investigate whether NH4SH salts formed in H,O-rich ices
could serve, metaphorically, as a “stone” that simultaneously kills two astrochemical “birds”:
the sink of the missing sulfur and the identity of the 6.85 um band. Band strengths of poly-
crystalline NH4SH ice at 160 K were previously derived by [Ferraro et al.|(1980), who reported
a band strength of ~1.2x107!° cm molec™! for the SH™ anion stretching mode at 3.89 um
(2570 cm_l). In comparison, Yarnall & Hudson|(2022) reported a band strength that is over
two orders of magnitude higher, 1.66x 1077 cm molec™!, for the 3.93 um stretching mode
of neutral H,S in a water-rich ice at 10 K . Such a dramatic difference in the reported band
strengths of the H,S and SH™ stretching features at nearly the same wavelengths highlights
the possibility that the abundance of sulfur in interstellar ices may be significantly higher than
what the current ice abundances and upper limits predict if some H;S ice has been converted
into its anionic form. [Ferraro et al|(1980) also reported a band strength of ~2.6x107!7 cm
molec™! for the NH4+ asymmetric bending mode (v4) at 7.05 ywm, almost a factor of 2 lower
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than the NH,;* band strength of 4.4x 1077 measured by Schutte & Khanna| (2003) that is
used the most frequently in astronomical literature to quantify NH4" cations in interstellar
ices (e.g., Boogert et al.|2008| 2011; McClure et al.[[2023). Therefore, if NH4SH is the main
carrier of the 6.85 pm band, its abundance could be almost a factor of 2 higher than indicated
by the current NH; T column density calculations. However, it is important to note that these
band strengths were calculated for pure polycrystalline NH4SH at a relatively high tempera-
ture (160 K), and the band strengths of NH4SH may differ significantly if the salt is primarily
amorphous and in HyO-dominated ice mixtures, as would be expected in most icy lines of
sight. To our knowledge, the present literature lacks laboratory spectra and band strengths of
NH4SH salts in such astrophysically relevant conditions as well as comparisons of NH4SH
laboratory spectra to observed spectra of interstellar ices.

To that end, we have measured infrared spectra of NH4SH formed via the acid-base reac-
tion of co-deposited NH3 and H»S ice, both with and without H, O ice, at temperatures relevant
to pre- and protostellar ices. These spectra are made publicly available to the community via
the Leiden Ice Database (LIDA, Rocha et al.[|2022) for use in fitting to observed ice spectra.
We characterize how the peak profiles of the salt change as functions of temperature and dilu-
tion with HyO. We then derive apparent band strengths of the NH4™ v4 mode and SH™ stretch
in HyO-rich NH4SH ices for use in deriving column densities and upper limits from IR obser-
vations. Finally, we compare our laboratory spectra to IR spectra of pre- and protostellar ices
to qualitatively evaluate whether NH4SH is a feasible candidate carrier of the 6.85 um band
and quantify plausible column densities of NH4SH ice in the dense star-forming environments
where sulfur is depleted.

4.2 Methodology

4.2.1 Experimental

All experiments were performed on the InfraRed Absorption Setup for Ice Spectroscopy (IRA-
SIS) in the Laboratory for Astrophysics in the Leiden Observatory. A schematic of the setup
is presented in Rachid et al.| (2021)), and recent upgrades are described in [Slavicinska et al.
(2023)). Briefly, the setup consists of a KBr substrate cooled to a minimum temperature of
15 K via a closed-cycle helium cryostat within an ultrahigh vacuum chamber (base pressure
<1x107% mbar). Ices are grown on the substrate via background deposition through three
independent leak valves, and each leak valve is connected to an independent reservoir on a
gas manifold. Ice thickness throughout deposition is monitored via the interference patterns
of a 633 nm laser that reflects off both sides of the substrate at 45° incidence, and transmission
infrared spectra of the ice on the substrate are collected continuously during deposition and
warm-up with a Varian 670 Fourier-transform infrared spectrometer (FTIR). The IR spectra
here are collected with a resolution of 0.5 cm™! using 128 scans per spectrum. A Spectra
Microvision Plus quadrupole mass spectrometer (QMS) is used to calibrate each leak valve
to specific deposition rates for pure molecules, monitor the ice deposition, and, in some ex-
periments, collect temperature-programmed desorption (TPD) mass spectra during warm-up.
Following deposition, the substrate can be warmed until all ices have desorbed from the sub-
strate using a LakeShore Model 335 Temperature Controller to heat the substrate at a specific
rate. Most of the experiments in this paper utilized a 1 K min~! heating rate, resulting in a
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temperature difference of ~3.6 K between each spectrum collected during the warm-up and
corresponding to a temperature uncertainty of ~+2 K for each warm-up spectrum.

The liquids and gases used in this work were ammonia (PraxAir, >99.96%), hydrogen
sulfide (Linde Gas, >99.5%), and water (Milli-Q, Type I).

Ice growth rate calibration

The three independent reservoirs of NH3 gas, H,S gas, and H,O vapor each have their own
leak valve and inlet into the main chamber. Each leak valve position is calibrated to a specific
ice growth rate of a given molecule via dosing the molecule into the chamber at a constant
rate and monitoring the ice growth rate with laser interference. More details on the calibration
procedure can be found in Appendix The benefits of using independent dosing lines
compared to dosing a gas mixture from a single dosing line to create an ice mixture have been
previously described in|Yarnall & Hudson| (2022)) and [Slavicinska et al.| (2023).

NH;:H;S experiments

Table 4.1: Summary of NH3:H,S experiments performed.

Dosing ratios Final ratios@ Lim. | Dep. time

NH; H,S NH4SH NH3 H,S react. (min)
10 11 10 0 1 NH; | 20, 40,60
3 2 2 1 0 H,S 20, 40, 60
2 3 2 0 1 NH; | 20,40, 60

(@ once 100% of the limiting reactant is consumed in the acid-base reaction.

Previously, Loeffler et al.| (2015) formed NH4SH ice in situ on a cryo-cooled substrate via
the acid-base reaction of co-deposited NHz and H,S at 10 K. Here, we partially replicated
the methodology for the sake of having pure NH4SH spectra to compare to those of NH4SH
mixed with H>O ice. In our experiments, NH3 and H,S were co-deposited at 15 K in a solid-
state ratio of 1:1.1. After deposition, the samples were held at 15 K for ~1 hr and then heated
at a rate of 1 K min~! until the salt desorbed. We repeated this methodology with 3:2 and 2:3
NHj3:H;S mixtures to aid feature assignment in the 15 K pure salt spectrum, which consists
of a complex blend of NH3, H>S, and NH4SH features (Figure @.1)). Three experiments were
performed for each ratio: a short deposition (20 min) for simultaneous TPD collection, a
long deposition (60 min) for accurate characterization of weak features, and a medium-length
deposition (40 min) for the sake of collecting spectra with high S/N whose strongest peaks did
not eventually saturate during warm-up. These experiments are summarized in Table 4.1}

H,0:NHj3:H;S experiments

Table [4.2] provides an overview of the NH4SH:H,O mixtures we characterized in our exper-
iments. In these experiments, H,O, NH3, and H;S were co-deposited at 15 K in the ratios
specified in the table. As with the pure mixtures, the samples were held at 15 K for ~1 hr
and then heated at a rate of 1 K min~! until all ice species desorbed. For three mixtures, we
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Table 4.2: Summary of HO:NH3:H,S experiments performed.

Dep. time
(min)
10, 20, 30, 40, 50

20
20
20
30
10, 20, 30, 40, 50

30
30
30
10, 20, 30, 40, 50

30
40
40
40

Lim
react.
H,S

H,S
H,S
H,S
H,S
H,S
H,S
H,S
H,S
H,S

NH;

% NH,SH@
wrt H,O
10

12.5

16.7

20
16.7

20
333

50
66.7

50
20
50

100
20

Final ratios@
H,S
10

10
10

12
10

10

H,S | HbO NH4SH NH3

Dosing ratios

H,O NH;3

e
—

N
—

o
—

<

v

N

=)
—

@ once 100% of the limiting reactant is consumed by the acid-base reaction.

deposited 5 samples of different thicknesses to calculate the band strengths of the NH4* vy
mode and the SH™ stretching mode. In these experiments, we interrupted the warm-up ramp
with a 40 min hold at 120 K (further details are provided in Section[d.2.T). For the remainder
of the mixtures, we deposited one sample with the goal of achieving a thickness that provided
sufficient S/N for most of the ice features of interest without any of the major peaks saturating
upon warm-up. Because the stretching modes of H,S and SH™ overlap, we aimed to mini-
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mize the unreacted H,S present at the end of warm-up by setting H,S as the limiting reactant
in most of the mixtures.

Band strength calculations

Measuring band strengths of species that form via reactions in ices can be a complicated en-
deavor because it is oftentimes only possible to quantify them indirectly. Previous works that
reported band strengths of salt species in ices often performed such an indirect measurement
by quantifying the loss of acid or base precursor (Schutte et al.|1999;|Schutte & Khanna|2003}
van Broekhuizen et al.| 2004} Bergner et al.|2016). However, this approach usually relies on
the use of literature band strengths of the precursors that were measured in physical and chem-
ical conditions that differ (sometimes significantly) from the ices in which the salt formation
was performed, leading to inaccuracies stemming from the assumption that the precursor band
strengths are identical in the two different experiments.

Recently, |Gerakines et al.[(2024) directly measured the refractive index, density, and ap-
parent band strengths of a pure ammonium salt, NH4CN, by dosing NH3 and HCN vapor
onto substrates at 125 K and monitoring the ice growth with laser interferometry, a quartz
crystal microbalance, and transmission IR. The authors claim that 125 K is too high for the
neutral species to stick to their substrates, resulting in in situ formation of pure NH4CN salt
absent of unreacted neutrals. Unfortunately, this method cannot be reliably used to find the
band strengths of salts in mixtures with other ice species because calculating band strengths
of species in mixtures requires knowledge of the deposition rate or deposited column density
of the species of interest (Yarnall & Hudson|2022), and the deposition rate of a salt on a sub-
strate may change substantially if another ice species is simultaneously accumulating on the
substrate and changing the quantity of acid and base that react with each other on the sub-
strate before they can desorb (relative to the amount that react with each other in a pure salt
deposition).

With our method, we aim to eliminate the inaccuracies associated with utilizing previously
published band strengths of precursors when deriving the apparent band strengths of our salts.
Instead, we have relied on previously determined refractive index and density measurements
of the pure limiting reactant in the acid-base reaction, H,S, to calibrate our leak valves to
a specific ice growth rate and subsequently have made two assumptions: 1) the deposition
rate of H,S on the substrate is the same when it is pure and when it is co-deposited with
other species; and 2) 100% of the deposited H,S is converted to its ionic form at the point
in the experiment when the integrals of the bands of interest are taken (135 K). We estimate
from the IR and TPD spectra of our salt mixtures that the consumption of H,S in our H,O
mixture experiments is likely >96% at 135 K (see Section [#.3.2). This would result in a
liberal estimate of ~4% error in our derived band strengths caused by the uncertainty in the
reaction completion fraction. To remain conservative in our reported uncertainties, we opt to
use a reaction completion uncertainty of twice this value, 8%, in our apparent band strength
error calculations (see Appendix 4.A.2)).

The column density of our limiting reactant, H,S, deposited in each experiment was cal-
culated using a deposition rate obtained via a series of control experiments. In this series,
we deposited pure H,S ices with the same leak valve position and substrate temperature used
during deposition in the mixture experiments. We then derived a deposition rate from the laser
interference measured during the deposition using the previously published H,S refractive in-
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dex of 1.407 and density of 0.944 g cm~ (Yarnall & Hudson|2022). We repeated this control
measurement five times to obtain an average deposition rate and a standard deviation, and we
multiplied the average control deposition rate by the deposition time to obtain the total de-
posited H>S column density for each mixture experiment. The standard deviation of the five
control experiments yields an experimental error of 0.36%, which represents the day-to-day
variations between depositions performed in different experiments as well as noise and fitting
errors in the laser interference data.

We then formed our salt-H,O ice mixtures by depositing H,S with the same experimental
parameters as those used in the control experiments, except that we also simultaneously co-
deposited NH3; and H,O via their independent leak valves calibrated to deposition rates that
corresponded to our desired HyO:NH3:H;S ratios. Following the deposition and a brief hold
period at 15 K, we warmed the mixtures at 1 K min~! until reaching 120 K, where we held
them for 40 min to maximize products formed by the beginning of ice desorption. After this
second hold, we resumed the 1 K min~! warm-up until all ice species desorbed. Finally, we
created Beer’s law plots for each IR feature of interest by plotting its optical depth at 135 K
as a function of total deposited H»S column density for five different deposition times and
obtained apparent band strengths from the slopes of the linear least-square fits to the data.
The data at 135 K were used to simultaneously maximize the quantity of salt formed (which
is greatest at high temperatures) and minimize the loss of salt, matrix, or unreacted precursor
via desorption from the analyzed ice (which becomes significant >135 K in the TPD spectra,
Figure #.A25). The linear fits were obtained using the York method for fitting data with
errors on both X and Y variables (York||1966), and the apparent band strengths uncertainties
calculated via this procedure range from ~9-14%. Details regarding the uncertainties of the
integrated optical depths and ice column densities used in the Beer’s law plots can be found
in Appendix[4.A.2]

It should be noted that the band strengths calculated in this paper are referred to as “ap-
parent band strengths” and denoted as A’ because they are derived from the infrared spectra
of the ices of interest rather than their optical constants. A more detailed explanation of the
difference between apparent band strengths and absolute band strengths (typically denoted as
A) can be found in Section 3 in|/Hudson et al.| (2014).

4.2.2 Observational

The selected observed sources for comparison to our laboratory data in this work are pre-
sented in Table .3] These sources span a range of masses, environments, and degrees of
thermal processing. The spectra of the investigated low-mass young stellar objects (LYSOs)
were collected by the Near Infrared Spectrograph Integral Field Unit (NIRSpec IFU, Jakobsen
et al.[2022; Boker et al.[2022) and Mid-Infrared Instrument Medium-Resolution Spectrometer
(MIRI-MRS, Wright et al.|[2023}; |Argyriou et al.|2023)) on the James Webb Space Telescope
(JWST, |Gardner et al.[2023)) as part of the JWST Observations of Young protoStars (JOYS+)
collaboration (Program IDs 1290 and 1960, PI Ewine van Dishoeck)ﬂ The massive young
stellar objects (MYSOs) W33A and S140 IRS1 were observed by the Short Wavelength Spec-
trometer on the Infrared Space Observatory (ISO/SWS) (Gibb et al.|2004). The dense cloud
spectra were observed by the InfraRed Spectrograph (IRS) on the Spitzer Space Telescope

Uhttps://miri.strw.leidenuniv.nl
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Table 4.3: Summary of sources whose ice spectra are compared to laboratory NH4SH spectra in this

work.
Source Telescope  Source Type Environment Thermal processing(“)
Elias 16 Spitzer dense cloud - no processing
CK2 Spitzer dense cloud - no processing
Blc JWST LYSO clustered little/no processing
L1527 JWST LYSO isolated highly processed
W33A ISO MYSO - little/no processing
S140IRS 1 ISO MYSO - highly processed

(@) as is indicated by presence of a pure CO, component in the 4.39 um '3CO ice feature, a crystalline 3 um H,O
ice feature, and/or a low optical depth of the 4.67 um CO ice feature relative to the optical depth of the 4.27 um
CO, feature.

(Knez et al.|[2005)).

The NIRSpec IFU data of Blc was collected with the G395M grating, resulting in con-
tinuous medium-resolution (R=A/AA~700-1300) spectral coverage from 2.85-5.29 um. The
NRSIRS2RAPID readout pattern and a 4-point dither were used, with a total integration time
of 1342 s. The instrument parameters used for the B1c MIRI data are described in|Chen et al.
(2024).

Spectra were extracted from the B1c NIRSpec and MIRI datacubes with apertures centered
on the central brightest pixel over the full wavelength range (NIRSpec: RA 3:33:17.885, Dec
+31:09:31.952; MIRI: RA 3:33:17.898, Dec +31:09:31.852). Differences in coordinates of the
extraction apertures are a result of a known issue with WCS calibration in JWST pipeline
A wavelength-dependent aperture of seven times the diffraction-limited radius was used to
extract 1D spectra from both datacubes, resulting in two spectra with overlapping data points
between 4.90-5.29 um. A scaling factor of 0.856 was used to scale the NIRSpec data to the
MIRI data in the spectral overlap region.

The NIRSpec IFU data of L1527 was collected with the PRISM and G395H grating, re-
sulting in low-resolution (R=A/AA~30-200) spectral coverage from 0.60-2.87 and 4.06-4.18
um and high-resolution (R=A/AA~1900-3700) spectral coverage from 2.87-4.06 and 4.18-
5.27 um. The NRSIRS2RAPID readout pattern and a 4-point dither were used for both obser-
vations, with a total integration time of 2451 s for the G395H grating and 700 s for the PRISM.
The MIRI data of L1527 spans the full MIRI range of 4.90-27.90 um (R=A/AA~1300-3700)
and was collected using the FASTR1 readout pattern, a 2-point dither, and a total integration
time of 2997 s divided equally between the three MIRI-MRS gratings.

Spectra were extracted from the L1527 NIRSpec and MIRI datacubes with apertures cen-
tered on the pixel providing the highest average signal over the full wavelength range (NIR-
Spec: RA 4:39:53.916, Dec +26:03:09.639; MIRI: RA 4:39:53.886, Dec +26:03:10.1248).
A constant aperture with a 1 diameter was used to extract 1D spectra from both datacubes
due to the source being extended and the majority of the detected flux being scattered light.
The extraction resulted in two spectra with overlapping data points between 4.90-5.27 um. A

Zhttps:/jwst-docs.stsci.edu/known-issues-with-jwst-data
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scaling factor of 0.783 was used to scale the NIRSpec data to the MIRI data in the spectral
overlap region.

4.3 Spectroscopic characterization

4.3.1 NH3:H28

Spectra of the NH3:H,S 1:1 mixture at various temperatures, along with spectra of pure NH3
and H,S at 15 K, are plotted with band assignments labeled in Figure .1] The peak positions
for each assignment are listed in Table d.A.9] Assignments were made based on the work of
Bragin et al.| (1977), Ferraro et al.[(1980) and, in the case of the NH3:H,S mixture at 15 K,
changes in the relative intensities of features between the 3:2, 1:1, and 2:3 NH3:H,S mixtures
(Figure . For example, the relative intensity of the broad feature at 2417 cm~! (middle
panel) increases with increasing fraction of H,S with respect to NH3 and decreases during
warm-up as the neutral ices are consumed by the acid-base reaction, leading to a tentative
assignment of the feature to H,S in a matrix with NH3 or NH4SH. Some features are too
blended to assign to one specific mode (e.g., the broad feature ~2900 cm™! in the NH3:H,S
mixture at 15 K tentatively assigned to two blended NH; ™ modes).

Reaction at 15 K

It is clear from the prominent NH4™ v, feature at ~6.85 yum/1460 cm~! in the NHj3:H,S
mixtures that a significant amount of NH4SH already forms upon co-deposition at 15 K. The
quantity of reactants consumed at 15 K can be estimated via two methods: 1) by calculating
the ratio between the peak area of the NH3 umbrella mode in the mixture (with the contribution
of the H,S bending mode subtracted out via a two-Gaussian deconvolution) and the peak area
in a pure NHj3 control sample deposited with identical experimental parameters, or 2) by
calculating the ratio between the peak area of the NH4™ v4 mode at 15 K and the maximum
peak area achieved during warm-up. Both methods result in similar estimates of ~50-60%
of the deposited NH3 being consumed immediately upon deposition in all three of the mixing
ratios investigated here. However, it is important to note that this is only a rough estimate of
the reaction progression as these methods do not account for band strength variations caused
by changes in temperature or chemical environment.

The in situ formation of ammonium salts below 20 K has been observed in previous works
investigating the acid-base reaction between ammonia and H,S (Loeffler et al.|2015) and other
acids such as HNCO (van Broekhuizen et al.|2004)), HCN (Gerakines et al.[2004; Noble et al.
2013), and HCOOH (Galvez et al.|2010; Bergner et al.[[2016)). van Broekhuizen et al.| (2004)
and|Gerakines et al.|(2004) suggested that the reaction may be driven at such low temperatures
by the freed kinetic energy or the heat of condensation, respectively, of the room-temperature
gas-phase molecules when they deposit on the cold substrate. In our experiments, we held the
ice samples at 15 K for approximately 1 hr after deposition finished before beginning warm-
up to monitor the reaction process at cold temperatures without energy input from the warm
gas deposition. During this time, the integrated peak area of the NH4™ v4 mode continued to
increase while the integrated peak area of the blended NH3 umbrella mode and H,S bending
mode decreased (Figure , demonstrating that the NH3 and H,S ice continue to react with
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Figure 4.1: Comparison of the infrared spectra of pure and mixed NH3 and H,S ices with peak as-
signments labeled (see Table [fzA.9). Libration modes are indicated with an R. Several features in the
spectrum of mixed NH3 and H;S ices at 15 K indicate the formation of NH4SH salt, although peaks of
nonreacted NH3 and HjS are still present. By 120 K, only signatures of the salt remain. The narrowing
of the salt features by 140 K is characteristic of the salt undergoing a phase change (i.e., crystallization).
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Figure 4.2: Characterization of selected features in the NH3:H,S 1:1 spectra during the isothermal
hold at 15 K after deposition finished. Top: peak area of the NH; ™ vy feature. Middle: peak area of
the blended NH; umbrella bending and H,S bending features. Bottom: peak position of the NH4™ v,
feature.

each other even after the deposition is complete and the reactants are completely thermalized
by the actively cryo-cooled substrate.

Reaction during warm-up, crystallization, and desorption

As the ice mixtures are heated, their NH; ™ v, features grow at a much faster rate than during
the isothermal hold at 15 K, indicating an increase in the reaction rate. In the 1:1 mixture,
the NHy4t v, feature reaches its maximum peak area at ~131 K. At this temperature, the
integrated peak area of the NH3 umbrella mode is 3% relative to its integrated peak area at the
beginning of the warm-up (at which point ~50% of the NH3 had already reacted). Moreover,
the TPD spectra show that thermal desorption of NH3 between 15-131 K only accounts for

115



4.3 Spectroscopic characterization

0.4% of the total 17 m/z mass signal (which traces the desorption of both neutral ammonia and
the ammonium cation) integrated from 15-250 K. This leads us to estimate that ~98% of the
deposited NH3 is converted to NH4SH by 131 K, with very little of the originally deposited
NHj3 remaining neutral or desorbing by this temperature.

During the warm-up from 15 to 131 K, the broadness of the NH4SH IR features and the
presence of the NH;+ symmetric bending mode (v») at 5.90 um/1696 cm ™!, which is IR in-
active in crystalline NH4SH (Hudson et al.|[2015), shows that the ice remains amorphous at
these temperatures. Peak sharpening and/or splitting of all of the NH4SH IR features (except
the NH4 " v, feature, which disappears), are observed at ~135 K, indicative of the salt crys-
tallizing. This event also coincides with an increase in the desorption of both NH3 and H»S in
the TPD spectrum (Figure[4.A.T6) and the beginning of the gradual decrease in the peak area
of the NH; " vy feature, demonstrating that the crystallization and desorption temperatures
of this salt are very close to each other. Peak desorption is observed at 164 K in the TPD,
and all of the salt features disappear from the IR spectrum by ~174 K. In the NH3:H,S 2:3
and 3:2 mixtures, the maximum NH;" v4 peak area (i.e., maximum reaction completion as-
suming the band strength does not change significantly with temperature) is achieved at lower
temperatures, and the samples crystallize at higher temperatures (see Figure f.A.T7).

NH, ' v, feature

The growth of the NH4t vy feature during warm-up from 15 to 131 K is accompanied by a
change in the feature’s profile, which becomes more asymmetric, and a redshift in the feature’s
peak position. Such a redshift of this feature with increasing temperature has been observed in
other laboratory ammonium salts (Grim et al.|1989a; Schutte & Khanna|2003; |Raunier et al.
2003). These spectral changes during the warm-up are likely a consequence of the change in
the chemical environment between 15 K (when the ice matrix is still dominated by a relatively
high quantity of unreacted neutral NH3 and H,S) and 131 K (when very little NH3 and H,S
remain in the ice matrix, resulting in a matrix that now contains nearly exclusively ionic
species). Thermal effects may also play a role in the redshift of the feature during warm-up,
but the fact that we also observe a redshift in the feature during the isothermal holds at 15 K,
during which the concentration of NH4SH with respect to NH3 and H,S in the ice matrix is
increasing (see Figure 4.2)), demonstrates that increasing salt concentration in the ice matrix
must play a role in the redshift as well. The redshift of this feature has significant astronomical
ramifications that are further discussed in Section The peak positions, FWHMs, and
relative areas of this feature during warm-up are presented in Tabled.A.10|and Figure . A.T7]

SH™ stretching feature

It is difficult to similarly characterize the SH™ stretching mode at ~2555 cm™~! throughout
sample warm-up because the feature directly overlaps with the H,S asymmetric and symmet-
ric stretching modes (Figure [.1). At 15 K, when salt concentrations are the lowest in the
sample, the feature sits at 2560 cm ™!, its peak area is at its maximum, and it is blended with
neighboring strong, broad features. As the sample is warmed and the acid-base reaction is
facilitated, the combined H,S and SH™ peak redshifts and decreases in area, demonstrating
that the band strength of the SH™ stretching mode is considerably lower than that of the the
H;S stretching modes. At this point in the warm-up, the contribution of unreacted H,S to this
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feature may not be negligible in the mixtures where H,S is in excess, so the feature is only
characterized further in the NH3:H,S 3:2 mixture. During crystallization, the feature sharpens
and blueshifts to 2570 cm™!, but its area remains small. The peak positions, FWHMs, and
relative areas of the SH™ feature at temperatures at and above 102 K (the temperature at which
the reaction is complete) in the 3:2 mixture are reported in Table [f.A.T1]

4.3.2 HzO:NH3:HQS
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Figure 4.3: Spectra of two H,O:NH3:H;S mixtures at 15 and 135 K. The plot insets zoom in on
two features of interest in this work, the SH™ stretching mode and the NH4™ asymmetric bending (v4)
mode. The dashed vertical lines within the right inset indicate the peak positions of the NH; ™ v4 mode
at the two plotted temperatures, showing how the feature redshifts as the ice is heated. Vibrational mode
assignments are provided for the HO:NH3:H;S mixture at 135 K.
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Spectra of two selected HyO:NH3:H,S mixtures at 15 and 135 K are presented in Fig-
ure Several of the features that are clear in the NH3:H,S mixtures are much less promi-
nent once H,O is added to the mixtures, in particular the various NH4 ™ peaks between ~3.2-
3.6 um/3100-2800 cm !, which present as broad shoulders on the red wing of the H,O OH
stretching mode, the NH, ™ scissor (symmetric) bending mode at ~5.9 um/1690 cm™!, which
blends with the H,O bending mode, and the weak feature we tentatively assign to the combi-
nation of the NH;* symmetric bend and the SH™ libration at ~4.8/2090 cm™!, which blends
with the broad H>O combination mode. However, the NH; ™ v4 mode at 6.80 um/1470 cm !
and its combination band with the SH™ libration at 5.3 um/1880 cm~! remain distinct from
the water ice bands. The SH™ stretching mode at 3.9 um/2560 cm™! is also clearly dis-
tinguishable from its local continuum but remains extremely small relative to the other salt
features.

Reaction at 15 K

The presence of the NH;™ v4 mode already at 15 K in all of the water-containing mixtures
demonstrates that NH4SH can form at such low temperatures even when NH3 and H,S are
diluted in water. Furthermore, just as in the water-free mixtures, acid-base reaction progres-
sion during an isothermal hold at 15 K after deposition has ended can be observed via the
simultaneous increase in the peak area of the NH4™ v4 mode and decrease in the peak area of
the blended NH3 umbrella bending mode and H»S bending mode (Figure [.4). This reaction
progression is again accompanied by a redshift in the peak position of the NH4t v4 mode.
However, the more dilute the initial concentrations of NH3 and H,S with respect to H,O, the
lower the integrated absorbance of the NH4™ v4 mode at 15 K with respect to the final inte-
grated absorbance of the NH4+ v4 mode at 135 K — that is, the reaction at 15 K is slowed,
but not completely prevented, by the presence of water at the investigated concentrations. The
ratio of the integrated absorbance of the NH4t v4 mode at 15 K versus 135 K is plotted as
a function of final NH; ™ abundance with respect to H,O for all the investigated mixtures in
Figure[d4.5]to demonstrate this point.

Reaction during warm-up, crystallization, and desorption

During warm-up of the water-rich mixtures, the NH4™ v4 mode grows until reaching a maxi-
mum between 135-140 K while the area of the blended NH3 umbrella bending mode and H,S
bending mode decreases, similar to what is observed in the water-free mixtures. The sharp-
ening of the NH4SH features characteristic of crystallization does not occur until ~150-155
K, so dilution with H,O delays the salt crystallization just as the presence of excess unreacted
NH3 and H;S do in the water-free mixtures. As the warm-up continues after crystallization,
the salt features begin to rapidly diminish and are completely absent from the spectrum be-
tween ~175-180 K, around the same temperature range in which H,O desorbs. The TPD
peaks of NHs, H,S, and H>O occur around the same temperatures, ~171-172 K (e.g., Fig-
ure d.A.25)). Such an increase (~10 K) in the peak desorption temperature of NH4SH when it
is mixed with water rather than pure was also recently observed by Vitorino et al.[(2024)). The
consequences of the similar desorption temperatures of NH4SH and H,O on the detection of
the NH4SH desorption products in the gas phase are discussed in Section
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Figure 4.4: Characterization of selected features in the HyO:NH3:H,S 4:3:2 spectra in the period
between the end of the ice deposition and the start of the ice warm-up. During this time, the sample was
held at 15 K. Top: peak area of the NH4 T v4 feature. Middle: peak area of the blended NH3 umbrella
bending and H,S bending features. Bottom: peak position of the NH4 ™ v, feature.

NH, ' v, feature

As in the water-free spectra, the NH4+ v4 mode redshifts during warm-up. However, the fea-
ture also redshifts with increasing salt concentration with respect to H,O when comparing the
spectra of ices at the same temperature. Figure[4.6] visualizes this trend at 135 K. Comparison
of the NH; ™ v4 mode peak position at 135 K between the HyO:NH3:H,S 5:2:1, 10:3:2, 5:1:1,
and 10:2:3 mixtures (where the salt concentrations with respect to H>O are identical at 20%,
assuming reaction completion in all of the mixtures) also reveals that increasing the excess
of unreacted NH3 in the matrix causes the NH4™ V4 mode to blueshift, while increasing the
excess of unreacted H,S in the matrix causes it to redshift.

This led us to postulate that the redshifts of this feature observed during the isothermal
holds at 15 K and the warm-up are caused primarily by the increase in salt concentration with
respect to the hydrogen-bonded matrix. During warm-up, the salt concentrations increase at a
higher rate due to the acid and base molecules mobilizing with increasing temperature, which

119



4.3 Spectroscopic characterization

0.50 - A H201NH3ZH25

' 10:2:1
0.45 - e 8:2:1
i a - e 6:2:1
"’,_.’rlﬁ 0.40 [ J 5:2:1
o 12:3:2
S 0.35- 10:3:2
% A 6:3:2
% 0.30 A A 4:3:2
> ° A 3:3:2
20251 o 5:1:1
= . 2:1:1
0.20 A E 1:1:1

* 10:2:3

0.15 *
0.2 0.4 0.6 0.8 1.0

Final [NH4*1/[H,0]

Figure 4.5: The ratio of the integrated absorbance of the NH4 T v, peak at 15 K versus 135 K plotted
as a function of the concentration of NH4 ™ with respect to H>O (assuming 100% reaction completion)
for various HyO:NH3:H,S mixtures.

allows them to diffuse more easily within the ice matrix and react with each other.

In an effort to characterize the potential degeneracy between redshifts caused by increasing
temperature and concentration, we conducted an annealing experiment where we deposited a
H;O:NH3:H,S 10:3:2 mixture, warmed it to 135 K at 1 K min~!, and recooled it to 15 K at
-5 K min~!. Upon recooling (during which the salt concentration in the ice is not expected
to change), the NH4+ v4 mode blueshifted from 1472 cm~! to 1475.5 cm™! (Figure .
This peak shift of 3.5 cm™! is significantly smaller than the redshift of over 11 cm~! (1483
to 1472 cm™!) that occurred over the initial warm-up from 15 to 135 K during which the
majority of the salt formed. This suggests that thermal changes are not the main driver of
most of the feature’s redshift observed during warm-up, leaving changes in the chemical en-
vironment (e.g., salt concentration) as well as irreversible thermally-driven changes in the ice
morphology (e.g., ice compaction) as the remaining possible contributors to the majority of
the observed redshift during warm-up.

We therefore conclude that, although some of the redshifts in the NH;™ v4 mode associ-
ated with warm-up in our experiments as well as in some previous works may be caused by
thermal effects, one of the primary physical causes of the redshift is the increase in salt con-
centration with respect to hydrogen-bonded matrix species as the deposited ice is warmed. We
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Figure 4.6: The peak position of the NH; ™ v4 mode at 135 K as a function of the concentration of
NH4 T with respect to H>O plotted for various HyO:NH3H,S mixtures.

specify that the concentration increase is with respect to hydrogen-bonded matrix species be-
cause we do not observe the same trend when the salt is diluted with excess H,S (Figure [4.6).
Our conclusion is consistent with that drawn by Maté et al.| (2009), who stated that the red-
shift in the NH; ™ v4 mode observed by|Schutte & Khannal (2003 upon ice warm-up was likely
due to “varying interactions among all the different species in the matrix.” Also, the NH4"
v4 mode does not appear to vary significantly between 14 and 150 K in the NH4HCOO:H,0
spectra formed via hyperquenching in |Galvez et al.| (2010), in which the salt concentration
does not change during heating. The astronomical ramifications of this concentration depen-
dence of the NH4 " v4 mode peak position are further discussed in Section The peak
positions, FWHMs, and relative areas of this feature during warm-up in all of the investigated
mixtures are reported in Appendix [4.A.4]

SH™ stretching feature

As in the pure NH4SH spectra, the blended H,S and SH™ stretching peak becomes smaller
as the ice is heated and the NH4" v4 mode grows. The peak positions and FWHMs of the
feature at 135 K range from 2567-2559 cm™ and 25-32 cm™, respectively, in the mixtures
investigated here, with the highest salt concentration mixtures having the most redshifted and
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broadest features (see Appendix {.A.4).

Band strengths

Table 4.4: Apparent band strengths of the NH4+ v4 mode and the SH™ stretching mode in
H,O:NH3H,S mixtures of three different concentrations.

Ratio A NH;t v, @ A SH™ str.(?)
H,O:NH3H,S 1077 cm molec™! 10! cm molec™!
10:2:1 3.6+04 3.7+0.5
10:3:2 3.6+04 3.1+04
8:5:4 3.240.3 3.2+04

(@) Integration range: 1560-1340 cm™".
() Integration range: 2611-2520 cm ™.

The Beer’s law plots used to calculate the apparent band strengths of the NH4* v4 mode
and the SH™ stretching mode in the 10:3:2 H,O:NH3:H,S mixture are shown in Figures
and [4.8] (the 10:2:1 and 8:5:4 mixture plots can be found in Appendix f.A.4). The derived
values from the slopes of the linear fits in all of these plots are provided in Table

Despite previous theoretical and experimental works raising concerns regarding the NH4 ™
V4 mode band strength decreasing significantly with dilution in H,O (Maté et al.|2009; |Galvez
et al.|2010), we do not find statistically significant differences between the NH; " appar-
ent band strengths of NH4SH:H,O mixtures with different salt concentrations ranging from
10-50% with respect to H,O. Our apparent band strengths are very close to the apparent
band strength of the NH4 % v4 mode in pure NH4CN derived recently by |Gerakines et al.
(2024), 3.58(£0.07)x 1017 cm molec™'. They are also a factor of~1.22-1.38 lower than the
band strength of the NH;* v4 mode in NH;HCOO:H;O ice from |Schutte & Khannal (2003),
4.4x10~!7 ¢cm molec™!, which is often utilized to quantify NH4" ice column densities in
observational works. The band strength of the SH™ stretching mode is almost two orders of
magnitude lower than the band strength of the H,S stretching mode at the same wavelength
(Yarnall & Hudson|2022).

As was mentioned previously, these band strengths assume that the limiting reactant, H,S,
was fully consumed in the reaction by 135 K. The quantity of H>S consumed in the experi-
ments used to calculate these band strengths cannot be estimated from the IR spectra because
its strongest band, the stretching mode, overlaps closely with the strongest band of the reaction
product SH™. For this reason, we estimate instead the quantity of limiting reactant consumed
by 135 K in the HyO:NH3:H,S 10:2:3 mixture, where an estimate of the final abundance of
the limiting reactant, NH3, can be obtained via its umbrella mode. At 135 K, the peak area
of the NH3 umbrella mode is ~4% relative to its peak area at the beginning of the warm-up
(at which point we estimate ~14% of the deposited NH3 has already reacted based on Fig-
ure[.5). Assuming negligible desorption of unreacted NH3 by 135 K due to entrapment based
on QMS data, we estimate that ~96% of the deposited NH3 has reacted with H,S by 135 K
in this experiment. Given that, in the NH3:H,S mixtures, the acid-base reaction appears to
proceed more readily in NH3 excess than in H,S excess (Figure |4.A.17)), we extrapolate that
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Figure 4.7: Beer’s law plot used to derive the apparent band strength of the NH4+ v, feature formed
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4.4 Comparing NH,SH:H,O laboratory spectra to observations

in our H,O-containing mixtures where H;S is the limiting reactant, an equivalent or higher
percentage of H,S will have been consumed in the acid-base reaction by 135 K.

4.4 Comparing NH;SH:H,O laboratory spectra to observa-
tions

The assignment of the 6.85 (tm band observed toward icy sightlines to the NH,™ cation was
first suggested over 40 years ago (Knacke et al.|1982). Since then, despite rigorous investiga-
tions in numerous observational, experimental, and theoretical works, the assignment remains
tentative. As mentioned in Section .1} previous works provided three primary arguments
against a secure assignment: 1) the NH;™ v4 mode is too broad in laboratory data of ammo-
nium salts in water-rich matrices to match observations and, at the expected NH4 ™ concentra-
tions, the band strength of the feature is likely so low that it may render the salt undetectable
(Maté et al.|2009; |Galvez et al.[2010); 2) the calculated column densities of anions identified
in interstellar ices are insufficient (by about an order of magnitude) to fully counterbalance the
expected positive charge from the NHy ' cation (Schutte et al.|[1999; ivan Broekhuizen et al.
2004, 2005 |[Boogert et al.|2022; |McClure et al.|2023;|Rocha et al.|2024)); and 3) no other fea-
tures that can be unambiguously assigned to NH4 ™ have been detected (Boogert et al.[2015).
In the subsequent analysis, we will address each of these points using the new laboratory data
collected in this work.

44.1 NH;" v, mode

Our apparent band strength measurements of the NH; ™ v4 mode in NH4SH diluted in H,O ice
at concentrations between 10 and 50% with respect to H>O range from 3.2(£0.3) - 3.6(£0.4)
x 10717 ¢cm molec™!. Such band strengths are comparable in order of magnitude to the band
strength of the NH3 umbrella bending mode at 9.35 um (Kerkhof et al.||[1999; Hudson et al.
2022), which is typically detected at concentrations on the order of ~5% with respect to H,O
toward pre- and protostellar ices (Bottinelli et al.[2010; Boogert et al.[2015; McClure et al.
2023).

Previous laboratory experiments where ammonium salts were grown via the hyperquench-
ing method (i.e., droplets of salts dissolved in liquid water at the desired concentration are
directly dripped onto a cold IR substrate) at concentrations between 7-25% with respect to
H,0 did not formally report band strengths of the NH; ™ v4 mode, but it was noted that the
feature was so weakened and broadened by the presence of water that it became implausible
to securely detect assuming similar local salt concentrations with respect to H>O in interstel-
lar ices (Maté et al.[[2009; Galvez et al|[2010). |Galvez et al.| (2010) pointed out that such
dramatic weakening did not occur in salt:H,O ice mixtures formed via vapor co-deposition,
the same method used in this work, and ascribed the difference in band strengths to the fact
that, in hyperquenched ice samples, the ions are expected to be densely surrounded by “solva-
tion spheres” of H,O molecules, which disturbs their ionic character and decreases their band
strengths. They further argued that the water-rich ices forming in the interstellar medium
via atom-addition reactions on grain surfaces are expected to be compact, mimicking more
closely the morphology of their hyperquenched samples rather than the open, porous struc-
tures of water ices formed via vapor deposition in the lab.
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We argue that this may not necessarily be the case, because if the salts in interstellar ice
mantles form via in situ acid-base reactions, the acid and base molecules must be adjacent to
each other in the ice matrix, which will result in the cations and anions formed via the reaction
to be adjacent to each other as well, rather than separated and fully surrounded by solvation
spheres of water. Such cation-anion pairs within the ice matrix are expected to have higher
ionic character and, therefore, higher band strengths.
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Figure 4.9: Fits of laboratory IR spectra of NH4SH:H, O ice mixtures at 135 K (sea green solid trace)
and pure CH3OH ice at 15 K (dash-dotted red or pink trace) to the 6.85 yum feature observed toward four
protostars and two dense clouds (see Table f.3). The total combined fits of both NH4SH and CH30H
are indicated with the dashed light blue trace. The best fitting mixture used in each fit is listed inside
each panel. Note that many of the sharp spikes present in the JWST LY SO spectra are gas-phase lines
in absorption (e.g., B1-c) or emission (e.g., L1527) rather than noise. Local continua used to extract the
feature from the observational spectra can be found in Figure[f.A.2§]

125
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Table 4.5: H,0 and NH, " ice column densities calculated toward the investigated sources using labo-
ratory IR spectra and apparent band strengths of NH4SH in H,O-rich ices.

Source H,0 NH4 "

10Pem™2 108 cm™? % H,0

Elias 16  0.24 (0.03)@ 0.26 (0.05) 11 (2)
CK2 0.30 (0.03)@ 057 (0.11) 19 (4)
Blc 2.5(0.2)®) 2805 11(2)
L1527 2.6 (0.6) 2.1(0.4) 8(3)
W33A 12503@ 2505  20(7)
S140IRS1  0.20 (0.03)@  0.45 (0.08) 23 (5)

Uncertainties are indicated in parentheses (). @ from Boogert et al.|(2013). ®) fromChen et al.|(2024). ©) from the
12 pm H,O libration using a band strength of 3.2x 10~ 17 cm molec™! (Mastrapa et al.|2009; Bouilloud et al.|2015));
see Figure

In Figure we fit the 6.85 um feature in our selected observed spectra toward dense
clouds and protostars with the NH4™ v4 mode in our NH;SH:H,O laboratory spectra at 135 K
and use these fits to derive NH,4 " cation column densities and abundances with respect to H,O
ice (Table[d.5). We use only the laboratory spectra at 135 K because this is the temperature at
which the salt concentrations are expected to be the closest to the target salt concentrations,
and our annealing experiment shows that recooling the salt mixture from 135 K to 15 K has
little effect on the NH4 " v4 mode profile and position compared to the changes in the feature
due to increasing NH4SH concentration that occur during the initial warm-up. As CH3;OH
ice has a weak absorption complex of O-H and C-H bending modes at 6.85 um as well,
we account for the approximate expected contribution of CH3OH ice to our fits by scaling a
laboratory spectrum of pure CH3OH ice at 15 K using literature CH3OH ice column densities
calculated from the 3.53 or 9.74 um features (Boogert et al.|[2008] 2011; (Chen et al.|[2024;
Slavicinska et al. in prep.).

The observed 6.85 um features toward these sources are fit very well by the NH4SH:H,O
laboratory data. Specifically, the investigated dense clouds and LYSOs are best fit with labo-
ratory spectra of more dilute NH4SH ices (NH4SH/H,O ~ 20-33%) compared to the MYSOs,
which require laboratory spectra of more concentrated NH4SH ices (NH4SH/H,O ~ 50-
100%) to fit their more redshifted features. This is consistent with previously reported trends
of MYSOs, particularly thermally processed ones, generally having more redshifted 6.85 um
features than LYSOs (Keane et al.2001; Boogert et al.[2008). Given these salt concentra-
tions of the best-fitting laboratory spectra, we used the apparent band strength calculated from
the lower concentration NH4SH:H,O mixtures (3.6x 10717 cm molec™!) to calculate NH4 "
column densities in the cloud and LYSO sources, while using the apparent band strength
calculated from the higher concentration NH;SH:H,O mixtures (3.2x10~'7 ¢cm molec™!) to
calculate NH4 " column densities in the MYSO sources. Figure shows the 6.85 um
feature of one of the sources, L1527, overplotted with the NH4 " v, feature in five selected
laboratory spectra with NH4SH/H;,O concentrations ranging from 10-100% to help the reader
visualize how NH4SH concentration with respect to H,O (and excess NH3) affects the fitting
of this feature.

126



Chapter 4
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Figure 4.10: Selected laboratory spectra of HyO:NH3:H,S ice mixtures of various concentration plot-
ted with the 6.85 um feature observed toward L1527 with JWST.

The resulting calculated NH4 ™ ice column densities presented in Tablerange between
8-23% with respect to H,O, within the previously reported ranges of NH, ™ ice abundances
with respect to HoO toward dense clouds and protostars (Boogert et al.|2011} [2015). Consid-
ering the typical NHj3 ice abundances in such objects (3-10% with respect to H,O, Boogert
et al.2015)) results in combined NH3+NH,4*+ abundances on the order of 10~°-10~ with re-
spect to Hy (see Sectiond.5.1|for H column densities). Such values are in line with the typical
gas-phase NH3 abundances with respect to H, derived from small-beam radio/cm measure-
ments targeting highly excited rotational lines in the most inner regions of hot cores, where
temperatures are high enough that most NH3 and NH4 ™ are expected to have desorbed into the
gas phase (Pauls et al.|1983; [Wilson et al.|1983; |Mauersberger et al.|1986; |[Henkel et al.[1987;
Brown et al.|1988; |Walmsley||1994). However, the uncertainties of these gas NH3 abundances
are very high (up to an order of magnitude, due primarily to the poorly constrained warm Hj
column densities in their denominators), so the total abundance of NHj3 in dense star-forming
regions remains an open question.

Our reported bulk NH,* abundances with respect to HyO are also approximately a factor
of 2 lower than the NH; ™ abundances of the laboratory ices whose spectra best fit the observed
6.85 um features (>20%). One explanation for such a discrepancy could be an addition to the
current layered ice model described in[Boogert et al.|(2015)) and references therein. This model
explains why, despite H>O being the most abundantly detected icy species, the peak profiles
of molecules like CO, CH30H, and OCS indicate that a significant fraction of these ices are
in water-poor chemical environments: there is a difference in the timescale/cloud density at
which H,O formation and CO freeze-out occur, leading to distinct ice layers rather than a
homogeneous ice mixture. Although H,S is expected to form on ice grains at timescales
closer to H,O formation than CO freeze-out, models predict that HyS formation should be
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slightly delayed (by ~1.4 A,) relative to H,O formation due to S atoms’ lower abundance and
heavier mass with respect to O atoms (Goicoechea et al.[2021). Such a delay could result in a
gradient within the polar ice layer where the outer layer of polar ice that formed at later times
in the dense cloud has a higher NH4SH salt concentration than the inner layer of polar ice
formed at earlier times. In such a scenario, high local salt concentrations in the salt-rich layer
could still be consistent with overall lower bulk salt concentrations.

However, it is also possible that the discrepancies in NH4 ™ peak positions and calculated
concentrations are caused by the presence of other species in the ice matrix (e.g., CO;), over-
lap with other ice features in this region, or differences in temperature between the laboratory
ices and the observed ices. Furthermore, the NH4™ abundances reported here are calculated
only using laboratory data of NH4SH, and although contributions from other ammonium salts
like NH4OCN, NH4CN, NH4sHCOO, and NH4Cl cannot dominate the 6.85 um feature given
their low abundances and upper limits with respect to the total NH4" column densities (see
Section [4.4.5), they could still cause some redshift of the 6.85 pm feature if their NHs T vy
peak positions are redder than that of NH4SH. A systematic characterization and comparison
of multiple ammonium salts with carefully controlled concentrations in astrophysically rele-
vant ice mixtures is needed to constrain and differentiate potential contributions from other
ammonium salts to this feature.

4.4.2 Redshift of the 6.85 um feature

In the past, observational studies empirically decomposed the observed 6.85 pm feature into
two components, a blue component centered at ~6.75 um and a red component centered at
~6.95 um (referred to respectively as “component 1 and “component 2” in Keane et al.[2001
and “C3” and “C4” in Boogert et al.[[2008} 2011} [2015)). A combination of both components
was needed to fit the 6.85 um feature toward most observed icy lines of sight, but sight-lines
with unprocessed ices typically had low t;,,C4/7;,,C3 ratios (i.e., a very blueshifted 6.85 um
feature, [Boogert et al.[2011) while high 7;,,C4/7;,,C3 ratios (i.e., a very redshifted 6.85 um
feature) were associated with thermally processed sources with low H,O column densities
(with respect to the depth of the 9.7 um silicate band, Boogert et al.[2008). The association of
redshift in the 6.85 um feature with thermal processing was also supported by the previously
available laboratory data of NHy™ salts in astrophysically relevant ice mixtures, in which
only ices at very high temperatures (>200 K, |Schutte & Khanna2003)) could reproduce the
redshifted peak position of the C4 component.

Our experiments show clearly that the NH4 " v4 mode redshifts with increasing salt con-
centration with respect to hydrogen-bonding matrix species. Moreover, the redshift observed
when salt concentration with respect to H,O increases from 10 to 50% is approximately a fac-
tor of 3 larger (on the wavenumber scale) than the redshift observed when the ice temperature
increases from 15 to 135 K in an annealed ice, where the salt concentration does not change
upon warm-up (Figure [4.A.26).

Toward dense clouds without star formation, thermal processing cannot explain any vari-
ation in the peak position of the 6.85 pm feature. Thus, the small variations in the 6.85 um
feature peak position toward different prestellar sight-lines should be due purely to differ-
ences in the ice chemical composition. Indeed, we find that the published 7;,,C4/7;,,C3 ratios
of ices in the isolated dense clouds from [Boogert et al.| (2011) correlate very strongly with
the reported NH4+ abundances with respect to H,O (Figure left plot). The Spearman’s
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Figure 4.11: Abundances of the ammonium cation with respect to HyO ice plotted against the
TintC4/7;,,C3 ratios of ices toward isolated dense clouds (left, blue) and protostars (right, red). To
facilitate comparison, the protostellar and cloud values are also plotted in the left and right plots, re-
spectively, in light gray. A higher 7;,,C4/7;,,C3 is indicative of a greater redshift in the peak position
of the 6.85 um feature. The plotted values are taken from Boogert et al.| (2011) (clouds) and Boogert
et al.| (2008) (protostars). The Spearman’s rank correlation coefficient p and the p-value indicating prob-
ability of noncorrelation are provided in the top right corner. The plotted NH4 " abundances have been
multiplied by a correction factor of 4.4/3.6 to account for the difference between NH4 " v4 mode band
strength used by [Boogert et al.[(2008) and [Boogert et al.|(2011) (4.4x10~'7 cm molec™! from [Schutte
& Khanna|2003)) and the band strengths calculated in this work to enable a direct comparison to our
NH4 " ice upper limits in Table Upper limits have been excluded from this plot, as well as data from
the sources 2MASS J19214480+1121203 (due to the high error of its 7;,,C4/7;,,C3 ratio) and IRAS
03301+3111 (due to its 7;,;C4/7;,,C3 ratio being undefined because its 7;,;C3 = 0).

rank correlation coefficient, which expresses the probability of two variables being related by
a monotonically increasing function on a scale of 0 to 1, is very high at p=0.825. Such a
correlation is consistent with the trend noted in our laboratory data. However, it is important
to once again keep in mind that the redshift of the NH4 ™ v, feature with increasing concentra-
tion could also be degenerate with other chemical effects that are not investigated here (e.g.,
presence of CO; in the ice matrix, ionic bonds with other anions, etc.).

Toward protostars, the correlation between the NH, ™ abundances and the peak position is
more moderate with a Spearman’s rank of p=0.485 (Figure {-11] right plot). The redshift of
the 6.85 um band observed toward thermally processed protostellar sources could be due in
part to the formation of more NH4 " ions from leftover unreacted neutrals driven by diffusion
at warm temperatures, but it is also possible that increases in local concentrations of NH;™
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ions caused by thermally-driven ice restructuring, such as that which occurs during the heating
of CO;:H;0 ice mixtures (Ehrenfreund et al.[1997; Boogert et al.[2000)), also contribute to the
observed redshifts. Such structural changes would not change the overall line-of-sight aver-
aged NH4 ™ abundance with respect to H,O and would therefore result in a lesser correlation
between the two variables.
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Figure 4.12: The highly redshifted 6.85 um band of three unusual protostellar sources (red solid
traces) which are not sufficiently fit with any of our laboratory NH4SH:H,O mixtures. The laboratory
spectrum with the greatest redshift out of our full lab sample, the HyO:NH3:H,S 1:1:1 ice heated to 135
K, is overplotted in dotted sea green traces for comparison.

Finally, comparisons of our laboratory spectra to unique, highly redshifted sources with
extreme conditions reveal a third possible driver of the 6.85 um feature’s redshift in thermally
processed sources. While our set of NH4SH data is able to fit well the majority of the 6.85
pm features observed toward icy lines of sight, which have t;,,C4/7;,,C3 ratios below 3, a few
exceptional sources exist whose 6.85 um bands are too redshifted to be covered by even our
most concentrated NH4SH:H,0 ~1:1 ice mixture (Figure.12)). These sources are the LYSO
IC 1396a (Reach et al][2008), the LYSO IRAS 03301+3111 (Boogert et al.|2008)), and the
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MYSO Mon R2 IRS3 (Keane et al|[2001). The 6.85 um bands of these features can be fit
almost exclusively with the empirical C4 component.

IRAS 0330143111 and Mon R2 IRS3 are unusual in that they have exceptionally low H,O
ice abundances with respect to H (a factor of 3-7 lower than typical protostellar sources like
Blc, L1527, and W33A, Boogert et al.[[2013), indicating that the thermal processing of their
ice envelopes has been extensive enough to sublimate a significant fraction of their water ice.
IC 1395« also has a low water ice column and additionally exists in a harsh, highly clustered
and irradiated environment (Reach et al.|[2008)).

We find in our experiments that NH4SH salts have similar desorption temperatures as
H; O, so if these sources’ envelopes have lost a significant fraction of their water ice to thermal
desorption, we would expect them to have lost a significant fraction of their NH4SH salts, if
present, as well. This would imply that NH4SH cannot be the sole carrier of the empirically
derived C4 component (although it may still contribute to the component because some water
ice remains in these lines of sight). A significant part of the C4 component must therefore
spectrally consist of either a more refractory ammonium salt with a more redshifted 6.85 um
feature or an entirely different species.

The next most abundant ammonium salt after NH4SH detected in the dust grains of comet
67P, NH4CN, has laboratory desorption temperatures similar to NH4SH (Gerakines et al.
2024), so it is not a suitable C4 candidate. The third-, fourth-, and fifth-most abundant ammo-
nium salts, NH4CIl, NH4OCN, and NH4HCOO, are significantly more refractory with labora-
tory desorption temperatures above at least 200 K (Maté et al.||2009; Jiménez-Escobar et al.
2014; |Ligterink et al.|2018; Bergner et al.|[2016} Kruczkiewicz et al.|[2021)). Perhaps one or
a combination of these salts (or other refractory ammonium salts) are major contributors to
the C4 component. The highly redshifted reported peak positions of NH4Cl:H,O ice formed
via hyperquenching in|Galvez et al.[(2010) and ammonium salts formed by photolysis exper-
iments in [Schutte & Khanna| (2003)) point to a promising future direction for elucidating the
carriers of these highly redshifted features.

4.4.3 SH™ stretching mode

Following the fits of the NH4" v4 mode to the 6.85 um band, we aimed to investigate if the
optical depths of the fit NH4 ™ features were consistent with SH™ column densities or upper
limits that could be calculated using the SH™ stretching mode at 3.9 um. We performed local
continuum subtractions on the 3.7-4.2 um region toward the sources in our sample whose
spectra in this range are available to us (Figure 4.A.29) and compared the subtracted spectra
to the local continuum-subtracted SH™ feature in the laboratory spectra, scaled with the same
factor as was used to fit the NH4 " feature in each source in Figure Similarly to the 6.85
um band fits, the expected contribution of CH3OH ice to this spectral region was approxi-
mated by scaling a laboratory spectrum of CH3OH ice at 15 K using literature CH30H ice
column densities calculated from the 3.53 or 9.74 um features (Boogert et al.|[2008, 2011}
Chen et al.|2024; Slavicinska et al. in prep.).

The excess absorptions left over toward each source after accounting for the CH3;0OH and
SH™ ice features were fit with Gaussians, whose peak positions and FWHMs range from
2716-2728 cm™! and 20-40 cm ™!, respectively. Such profiles hint at the possible presence of
thiol ices like methanethiol and ethanethiol toward these lines of sight, but secure assignment
to a specific species is precluded by the broad, overlapping profiles of such molecules (Hud-
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Figure 4.13: Fits of the SH™ stretching mode from laboratory NH4SH:H,O spectra (dark green solid
trace) and the combination modes from laboratory CH3OH spectra (dash-dotted red or pink trace) to
the absorption complex between 3.8-4.2 um observed toward four protostars. The fit SH™ features are
isolated from the laboratory spectra via a local continuum subtraction and scaled with the same factors
as those used to fit the 6.85 um bands in Figure f.9] The CH3OH features are similarly scaled using
literature CH3OH ice column densities or upper limits calculated from the 3.53 or 9.74 um features. As
the SH™ stretching mode and CH3OH combination modes are some of the weakest spectral features of
the investigated ices, both the NH4SH and CH3OH laboratory spectra are smoothed with a Savgol filter
prior to fitting to remove experimental noise. Excess absorptions that is not fit with SH™ and CH3;0H
features are fit with Gaussians (dotted orange trace) that could be attributed to a combination of H,S
and thiol ices. The full fit is indicated with a dashed light green trace, and the horizontal shaded red
bars indicate 30 levels calculated from RMS errors in the 3.72-3.77 um range. Data from 4.03-4.18 um
(G395H gap in JWST data, low S/N region in ISO data) is excluded from the plot. Plots of the local
continua applied to the observed spectra can be found in Appendix

son & Gerakines|2018)). Furthermore, the fitting of a single Gaussian to this excess is merely
a first-order approximation to what could be a complex of multiple Gaussian-like absorptions
attributable to several different species containing S-H bonds. The upper limits obtained from
assigning these Gaussians to either H,S or thiols are on the order of <1% and <5% with
respect to HO, respectively (using the band strengths of 1.66x10~!7 ¢cm molec™! for H,S,
Yarnall & Hudson 2022, and 3.40x10~!8 ¢cm molec™! for 1-propanethiol, Hudson & Ger-
akines|2018). The underfit red shoulder of the absorption complex >4 yum may be the blue
wing of an HDO ice absorption (Slavicinska et al.|2024)).

The resulting fits are presented in Figure where the green solid trace indicates the
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maximum possible SH™ contribution (assuming [NH4*] = [SH™]). Given the blending of
multiple overlapping ice features in this spectral region as well as the extremely weak band
strength of the SH™ stretching mode, we cannot claim tentative or secure detection of the SH™
anion in this spectral region toward these sources, and it is unlikely that this feature could
serve as a reliable tracer of NH4SH ice in other interstellar ice spectra. However, these fits by
no means preclude the presence of SH™ column densities comparable to the NH4™ column
densities calculated from the 6.85 um features of these sources. In fact, these fits show that
sizable column densities of SH™ anions can be masked very effectively by the absorptions
of CH3OH ice, H,S or thiol ices, and observational noise at the wavelengths where the SH™
stretching mode is found.

4.4.4 NH;" v, and SH™ libration combination mode

Wavelength (um) Wavelength (pm)
5.4

5.0 5.2 5.4 5.6 5.2
-0.1 : : : ; :
-0.1
0.0f o
LT ik A
0.1f “ T' ' T 0.0 Ll , 4
]
| i
03 0.1
0.4
S — Bl 0.2 — L1527
s 0.5r H,0:NH3:H,S 6:3:2 H,0:NH3:H,S 10:3:2
o . . . .
© _ F
g 010 —0.02f
s
§ -oos| T
n . ‘u"'lf .Iiul{ .
0.00 A%t gty Ly |
u%ﬂv L 0.02} w\wf alh
0.05F m ‘
0.10 0.04}
0.15F 0.06
— W33a —— S140 IRS1
0.20} H,0:NH3:H,S 4:3:2 0.08F H,0:NH3:H,S 1:1:1

1950 1900 1850
Wavenumber (cm™1)

2000

1800

2000

1950 1900 1850 1800

Wavenumber (cm™1)

Figure 4.14: Laboratory NH4SH:H,O data scaled with the same factor as that used to fit the 6.85 um
band in Figure [£.9] plotted with the global continuum-subtracted spectra of four protostars, zoomed in
on the 4.8-5.6 pm region where a weak and broad absorption is observed. The profile of the observed
absorption matches well the NH4* v, + SH™ libration combination mode in the laboratory spectra. Plots
of the global continua applied to the observed spectra can be found in Appendix@}

Boogert et al.| (2022) first reported the presence of a weak, broad absorption centered at
approximately 5.25 yum in the IRTF spectra of W33A and a “number” of other MYSOs. This
feature has not been assigned to any species and, prior to JWST, was not reported toward any
dense clouds or LYSOs, likely due to the limited spectral coverage of the full width of this
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band by both ground-based NIR data and Spitzer Space Telescope MIR data. Here, we report
the presence of a similar feature centered around ~5.3 um/1890 cm~! with a FWHM of ~0.26
um/92 cm~! toward both of the LYSOs observed with JWST in our sample of sources and
tentatively assign it to the combination mode of the NH;" v4 mode and the SH™ libration.
The tentative assignment has two-fold significance: it reinforces the presence of NHs™ in
interstellar ices, and it is a tentative detection of a SH™ signature in a spectral region that is
less busy than the 3.9 um region where the SH™ stretching mode is found. The only other
major ice bands present in this region are the OCS feature at 4.9 um and the 6.0 um band,
whose wings overlap slightly with the blue and red edges, respectively, of the very broad 5.3
um band.

In Figure the observed feature is fit with the same NH4SH laboratory spectra and
scaling factors as those used to fit the 6.85 pm band to each source in Figure 4.9 The profile
of the features in the laboratory spectra match the profile of the observed features quite well,
and the observed depths are similar to the depths of the laboratory features when they are
scaled with the same factor that is used to fit the 6.85 um band. However, it must be stressed
that, due to the weak and broad profile of the feature as well as its overlap with the blue wing
of the large 6.0 um ice feature, it is difficult to accurately extract its profile and depth from
the source continuum, and even slight inflections in the continuum choice can significantly
affect its calculated depth. Therefore, we do not consider this feature to be a reliable means
of quantifying the SH™ anion column density. Nevertheless, we conclude that the observed
depth of this feature is not inconsistent with the observed depth of the NH4* band, and its
presence shows that SH™ is an excellent candidate anion to counterbalance the majority of the
NH,4 ™ cations quantified via the 6.85 pm band.

4.4.5 Other anions (OCN—,CN—, HCOO—, Cl")

Table 4.6: Estimated abundances and upper limits of four other counterion candidates, reported in
percentages (%) with respect to NH; T column densities.

Source OCN-@ CN-®  HCOO © CI-@  Total anion budget
w/o CI~ incl. CI™

Blc 6.7 (1.3) <0.9 <6.4 <8.5 <14 <22
L1527 4.5(0.9) <0.1 <29 <8.2 <7.5 <16
W33A 10.8 (2.2) n.d. <24 <8.1 <13 <21

Uncertainties are indicated in parentheses (). (@) calculated using a band strength of 1.3x10~'% cm molec™! (van
Broekhuizen et al.|2004). ®) calculated using a band strength of 5.74 x 10~!8 ¢cm molec™! (Gerakines et al.[2024]).
() calculated using a band strength of 2.1x 107 cm molec™" (Bergner et al.|2016). () calculated using the diffuse
ISM CI/H of 2.88x 10~ 7 (Esteban et al.[2004).

After the SH™ fitting attempt at 3.9 um, we estimated abundances and upper limits of four
other NH; ™ counterion candidates identified in prior studies of interstellar ices and 67P dust
grains to constrain how much NH4 " with unbalanced positive charge remains after accounting
for these counterions, leaving room for other anions like SH™.

Table presents the estimated abundances of OCN™ and the upper limits of CN™,
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HCOO™, and Cl™ in percentages with respect to the NH4™ column densities (Table to-
ward three of the four selected protostellar sources. The spectrum of S 140 IRS1 was not
included in this analysis due to its relatively low S/N that prevented the detection of any
known anionic features.

The OCN™, CN™, and HCOO™ values were calculated via fitting their IR features at
~4.62 um/2165 cm™!, ~4.78 um/2093 cm~', and ~7.39 um/1352 cm~! with Gaussians
(Figure . The calculated column densities of CN~ and HCOO™ are only considered
upper limits due to the possible contribution of other ice species to their observed bands (e.g.,
B3CO for CN~ (McClure et al {2023} ?); CH3CHO for HCOO™, [Rocha et al.|2024;|Chen et al.
2024). Because the column density of CI~ cannot be similarly constrained from IR spectra, its
upper limit was constrained using the cosmic standard abundance of chlorine (i.e., assuming
all CI atoms are in the form of NH4Cl toward these objects using CI/H = 2.88 x 107 from
Esteban et al.|[2004).

The alternative anion candidates can only counterbalance up to ~15-20% of the ammo-
nium cations toward these lines of sight. This upper limit is similar to the total combined
abundance of the neutral acid counterparts of these anions with respect to NH3 quantified
from the 67P dust grain impact event #4 in |Altwegg et al.| (2022]).

Therefore, a minimum of ~80-85% of the ammonium cations observed toward these lines
of sight must be counterbalanced by other anions. It has been previously suggested that this
counterbalance could come from a “variety” of multiple other anions, perhaps formed by en-
ergetic processing, whose weak and blended spectral signatures could create an undetectable
“pseudo-continuum” (Schutte & Khanna|[2003). Here, we show that SH™ column densities
as high as the total measured NH; " column densities can be effectively hidden in the 3.9
pm spectral region via blending with CH30H, H»S, and thiol features (Section 4.4.3). Fur-
thermore, SH™ can form purely via low-temperature acid-base chemistry without needing to
invoke energetic processing (Section[d.3.2)).

4.5 Astronomical implications

4.5.1 Sulfur budgets

Estimates of the total sulfur budgets that could be accounted for by solid NH4+SH toward all
of the investigated sources are provided in Table The ranges in this table are calculated
with the assumption that 80-85% of the NH4 ™ cations quantified via the 6.85 um band (see
Table are bound to SH™ anions (as the relative abundance of H>S with respect to the
combined abundances of all acids in the comet 67P dust grain impact event #4 was ~82%
in|Altwegg et al.[2022, and the total NH4" column density left without corresponding coun-
terions after accounting for OCN™, CN~, HCOO™, and Cl~ abundances and upper limits
is 280-85%). The hydrogen column densities (Ny) used to determine S/H were taken from
Boogert et al.|(2013)) except in the case of L1527, whose Ny was similarly calculated from the
optical depth of the 9.7 um silicate feature in the L1527 MIRI spectrum (see Appendixf.A.5).

Our observationally constrained estimates indicate that 10-18% of the sulfur expected
toward the investigated lines of sight could be in the form of NH4SH ice. The estimated sulfur
abundance in NH4SH is lowest toward S140 IRS1, the source whose ices have experienced
the most thermal processing and which also has a very low H,O ice abundance with respect
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Table 4.7: Estimated contribution of NH4SH salt to the total S budgets of each of the investigated
sources, assuming 80-85% of the NH; T cations quantified via the 6.85 um band are bound to SH™
anions.

Source Ny S in NH4SH
108 cm2 %S cosmic std.@

Elias 16  0.89 (0.27)®) 14-15

CK2 1.9 (0.6)) 14-15

Blc 8.3 (2.5)®) 17-18
L1527 5.9 (1.8) 17-18
W33A 7.1 2.1)®) 17-18

S140IRS1 2.2 (0.7)® 10

Uncertainties are indicated in parentheses (). (@) relative to the diffuse ISM S/H of 1.66x 10~ from Esteban et al.
(2004). () fromBoogert et al.| (2013). (© from the 9.7 um silicate feature; see Appendix

to H (Boogert et al.|2013)). Therefore, its envelope may have already lost a significant portion
of its ices, including NH4SH, to thermal desorption. In the case of the rest of the protostars in
our sample, almost a fifth of the expected sulfur column may be locked in NH4SH salt, much
more than the previously constrained <5% S locked in ices calculated from OCS column
densities and H,S, thiol, and SO, upper limits (Palumbo et al.|{1997; Boogert et al.||1997;
Jiménez-Escobar & Carol|[201 1}, Boogert et al.[|2015} |2022; McClure et al.|[2023} |Rocha et al.
2024).

These estimates demonstrate that NH4SH is a potentially significant sulfur sink in pre-
and protostellar environments. They also show that NH4SH alone cannot solve the sulfur
problem, leaving the field open to other potential sulfur sinks whose abundances in dense
star-forming regions are still not spectroscopically well-constrained (e.g., sulfur allotropes
and minerals). Notably, the ~82-83% of the sulfur that remains missing after accounting
for the plausible abundance of NH4SH is close to the proposed S/H abundance of highly
refractory sulfur-bearing species (e.g., FeS) in protoplanetary disks quantified indirectly via
the accretion-contaminated photospheres of young stars (894+8%, Kama et al.[2019).

4.5.2 NHSH ice desorption front

In protostellar envelopes and protoplanetary disks, molecules in ices warm up via heating by
the growing central source and, at high enough temperatures, thermally desorb into the gas
phase, where they can be detected via their rotational transitions by millimeter and submil-
limeter spectroscopy. The temperature at which desorption of a given ice molecule occurs is
dictated by its binding energy to its surrounding molecules (i.e., other ices or grain materials
like silicates). A molecule’s thermal desorption can also occur at lower or higher temperatures
if it is deeply trapped in a matrix of molecules that desorb at lower or higher temperatures.
Although we do not derive binding energies of NH4SH in this work, the TPD experiments
here indicate that NH4SH desorbs at nearly the same temperature as H>O, both when it is pure
and when it is in HyO-rich mixtures. As ionic salts desorb as their neutral counterparts, this
means that any gas-phase NH3z or H,S that has thermally desorbed from NH4SH ices should
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have a sublimation front very similar to HyO. While pure neutral NH3 and H»S ices desorb
at much lower temperatures (~110 K and ~90 K, respectively, in our experiments), neutral
NH3 and H»S in interstellar ices may have sublimation fronts at temperatures closer to the
sublimation front of H,O (~170 K in our experiments) due to entrapment by a surrounding
H,O ice matrix. Whether the sublimation fronts of neutral NH3 and H,S mixed in H,O ices
would be different enough to distinguish them from NH3 and H;S originating from thermally
desorbed NH4SH salts must be determined with studies measuring the entrapment of NH3 and
H,S in H,O ices.

4.6 Conclusions

In this work, we present a systematic characterization of the laboratory IR spectra of NH4SH
ices, both pure and mixed with H,O. From this characterization and a subsequent compar-
ison of the laboratory spectra to spectra observed toward dense clouds and protostellar ice
envelopes, we draw the following conclusions:

1. NH4SH salts form via the in situ reaction of NH3 and H;S ices already at 15 K even
when diluted in H,O ice in mixing ratios relevant to interstellar ices.

2. The apparent band strength of the NH4 " v, feature (~6.8 um/1470 cm™!) in 10-50%
NH;SH:H,0 mixtures ranges from 3.2(30.3)-3.6(+0.4)x 10~!7, which does not pre-
clude the detection of ammonium cations at similar concentrations with respect to H,O
in interstellar ice spectra. These apparent band strengths are a factor of ~1.22-1.38
lower than the NH4 " v4 band strength in NH4HCOO:H,O ice from |Schutte & Khanna
(2003) that is frequently used to quantify NH4 ™ ice column densities in interstellar ice
spectra.

3. The apparent band strength of the SH™ stretching mode (~3.9 um/2560 cm™!') in 10-
50% NH4SH:H,O mixturesranges from 3.1(£0.4)-3.7(40.5)x 10~'* cm molec™!. This
is nearly two orders of magnitude lower than the apparent band strength of the H,S
stretching mode in the same spectral region. Therefore, it is significantly more chal-
lenging to detect H,S if it is anionic.

4. The peak profile of the NH4 " v4 feature in the laboratory NH4SH:H,O spectra matches
well with the profile of the observed 6.85 ym feature in the pre- and protostellar sources
investigated here. From these fits, we derive NH; ™ column densities ranging from ~8-
23% with respect to H,O.

5. The NH;" vy feature in laboratory NH4SH ices redshifts not only when heated, but
also when the salt’s concentration increases with respect to hydrogen-bonding matrix
species like H,O and NHj3. This could explain why the ammonium ion abundance with
respect to HyO is very strongly correlated with the peak position of the 6.85 yum feature
toward cold dense clouds and moderately correlated toward protostars. The redshifts in
the 6.85 pum feature toward thermally processed protostars could be driven by multiple
physicochemical effects, such as an increase in the local concentration of ammonium
salts with respect to H,O caused by the reaction of leftover neutrals in the ice promoted
by diffusion or thermally-driven ice restructuring. In ices found toward protostars with
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extreme environments and exceptionally redshifted features, the thermal desorption of
NH4SH with water ice may also contribute to the observed redshift.

6. While the extremely low apparent band strength of the SH™ stretching mode makes it
very difficult to reliably detect in the spectrally busy region at 3.9 um, the weak and
broad NH4+ v4 + SH™ libration combination mode at 5.3 ym is an alternative means
of SH™ detection due to a lack of other major ice features at this wavelength. Here, we
tentatively assign the weak and broad feature observed at 5.3 um in the JWST spectra
of our two investigated LYSOs to this combination band of NH4SH.

7. The maximum possible combined contributions of the salts NH4OCN, NH4CN, NH4HCOO,
and NH4Cl to the total ammonium salt abundance range between 15-20% toward the
three investigated protostars with clearly detected 4.62 and 7.39 um features.

8. If the SH™ anion is indeed the primary counterion to the observed column density of
NH,4 ™ cations in these spectra (as it is in the dust grains of comet 67P), then NH4SH
could account for up to 17-18% of the S budget toward our investigated sources, making
it a potentially significant sulfur sink in dense star-forming regions.
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4.A Appendix

4.A.1 Calibration procedure supplementary information

The thickness of a pure ice, d, can be calculated from its laser interference pattern during its
deposition if its refractive index is known via the following equation:
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=" 4.A.1)
2v/n? — sin’0
where m is an integer number of constructive fringes, A is the laser wavelength, n is the ice
refractive index, and 0 is the angle of incidence (45° on IRASIS). The ice thickness can be
converted into an ice column density using a measured ice density value, p, allowing for the
calculation of an ice deposition rate in units of column density per unit of time when the period
of the laser interference oscillation is determined using a curve fitting procedure.
The refractive index and density values used to calibrate the deposition rates of our three
ices of interest, HoO, NH3, H,S, in our experiments are presented in Table m

Table 4.A.8: Refractive indexes and densities used for calibration.

Molecule n p (gecm™) Ref. B
H,0 1.234 0.719 Yarnall & Hudson[2022
NH; 1.33 0.68 Hudson et al.|[2022

H)S 1.407 0.944 Yarnall & Hudsonr20227

4.A.2 Beer’s law plot errors

Errors of the integrated optical depths of the features used in the Beer’s law plots are esti-
mated by smoothing the integrated optical depth data throughout the entire warm-up in each
individual experiment with a Savgol filter and then taking the standard deviation of five raw
integrated optical depth data points collected at the end of the 120 K hold from the smoothed
data (used here as expected values). This provides an individual error for each data point in
the Beer’s law plots.

Three sources of error contribute to the uncertainty of the ice column densities in the
Beer’s law plots. First, there is the experimental error caused by day-to-day fluctuations in
the calibrated deposition rate, which we estimate to be 0.36% from our repeat measurements
of the laser interference patterns during pure ice depositions (Section f.2.1). Then there is
the error caused by the uncertainty of laser incidence angle in our optical alignment that we
estimate to be £5°, resulting in an error of ~4% in the ice thickness values calculated from
the laser interference patterns. The largest source of uncertainty in the ice column density is
the uncertainty associated with reaction completion, for which we use a conservative estimate
of 8%. Propagating these errors results in a final error of 9% on the ice column densities.

4.A.3 Pure NH;SH supplementary laboratory data

This appendix contains supplementary figures and tables of the laboratory data from the pure
NH4SH experiments.
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Figure 4.A.15: Spectra of NH3:H;,S mixtures with various mixing ratios at 15 K. In all ices, the same
quantity of NH3z was deposited.
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Figure 4.A.16: TPD curve of 17 m/z (NH3 ) and 34 m/z (H,S™) from the NH3:H,S 1:1 mixture. The
temperature at the maximum area of the NH; ™ v4 mode (131 K) is marked with a green dashed line, the
temperature when crystallization begins (134 K) is marked with a cyan dotted line, and the temperature
of peak desorption (164 K) is marked with a red solid line.

140



Chapter 4

Table 4.A.9: Vibrational mode assignments of the peaks observed in the IR spectra of pure NHj ice at
15 K, pure H;S ice at 15 K, NH3:H;S ice at 15 K, NH4SH ice at 120 K, and NH4SH ice at 140 K.

Ice Temp. Phase Mode Peak position
X) (cm”!/um)
v3 (asymm. stretch) 3375/2.963
2vy 3291/3.039
NH3 15 Amorphous V1 (symm. stretch) 3213/3.112
V4 (sciss. bend) 1625/6.154
V, (umb. bend) 1074/9.311
Vi+Wa/Vo+V3 3702/2.701
vi+T 2636/3.794
V3 (asymm. stretch) 2251/4.442
H,S 15 Amorphous V1 (symm. stretch) 2525/3.960
wv,+R 1334/7.496
v, (bend) 1170/8.547
NH;3 v 3348/2.987
NHj3; V1/NH4+ Vo+Vy 3202/3.123
NH4 ™ v3/NH4+ 2vy 2905/3.442
H,S vi+v3/SH™ str. 2559/3.908
. . o
NH3:H,S 1:1 15 Amorphous H,S in NHNS’I/E%;SZH matrix: ?gégg 51;32
NH;3 vy 1624/6.158
NH; " vy 1455/6.873
H,S v, 1177/8.496
NHj; v, 1112/8.993
NH; " va+vy 3121/3.204
NH4™" v3 (asymm. stretch) 2953/3.386
NH; " 2vy 2804/3.566
SH™ str. 2553/3.917
NH4SH 120 K Amorphous NH4" v,+SH™ R? 2089/4.787
NH;" v4+SH™ R 1837/5.444
NH; " v, (sciss. bend) 1651/6.057
NH;" v4 (umb. bend) 1448/6.906
2SH™ R 803/12.453
NH4 " vo+Vvy 3115/3.210
NH4" v3 E, 3017/3.315
NH4 v3 Ay, 2930/3.413
NH4t 2vy 2817/3.550
. SH™ str. 2570/3.891
NH4SH 140 K Crystalline NH;* vo+SH- R? 2099/4.764
NH;™ v4+SH™ R 1821/5.491
NH4" w4 E, 1440/6.944
NH4" v4 Ay, 1423/7.027
2SH™ R 832/12.019

T = translation; R = libration
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Table 4.A.10: Peak positions, FWHMs, and integrated band areas of the NH4 " v4 mode in NH3:H,S
ices with various mixing ratios at temperatures ~15-159 K. The uncertainties of the peak positions and
FWHMs are 0.5 cm~!. Reported band areas are provided relative to the maximum amorphous value
recorded during the warm-up. The reported band areas at different temperatures should not be used to
calculate relative band strengths, as the salt abundance in the laboratory ice varies during warm-up as

the acid-base reaction proceeds, and the salt begins desorbing at temperatures >135 K.

NH3:H;,S T Peak FWHM Rel. band area
mixing ratio | (K) (cm’l) (um) (cm™ 1) (um) ’

15 1455.5 6.870 76.7 0.358 0.53

34 | 1455.0 6.873 74.0 0.346 0.53

56 14514 6.890 65.3 0.308 0.59

77 | 1449.0 6.901 49.9 0.240 0.76

1:1 99 | 1448.5 6.904 554 0.268 0.93

120 | 1448.0 6.906 63.9 0.311 0.99
132 | 1447.6 6.906 63.9 0.311 1

138 | 1422.7 7.029 12.1 0.060 0.99

156 | 1423.2 7.026 10.8 0.054 0.91

15 1463.5 6.833 78.8 0.366 0.80

37 1459.1 6.853 77.4 0.359 0.81

59 1455.3 6.872 70.1 0.328 0.87

39 80 | 1453.6 6.880 66.8 0.314 0.96
’ 102 | 14529 6.883 66.8 0.315 1

123 | 14524 6.885 67.0 0.317 0.99

145 | 14514 6.890 65.8 0.313 0.97

159 | 1420.8 7.038 11.6 0.057 0.85

15 14545 6.875 76.7 0.359 0.58

34 | 14543 6.876 74.0 0.347 0.59

56 14504 6.894 65.6 0.310 0.65

23 77 1446.6 6913 47.7 0.230 0.85

' 99 | 14459 60916 49.2 0.238 0.99
120 | 14454 6919 50.6 0.245 1

142 | 14449 6.921 51.8 0.251 0.98

152 | 14225 7.030 11.6 0.057 0.16
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Table 4.A.11: Peak positions, FWHMs, and integrated band areas of the SH™ stretching mode in
NH3:H,S 3:2 ice at temperatures 102-159 K. The uncertainties of the peak positions and FWHMs are
0.5 cm~!. Reported band areas are provided relative to the SH™ band area at 102 K, the temperature
when the band area of the NH;4™ v4 mode reaches its maximum amorphous peak area in the NH3:H»S
3:2 ice mixture. The reported band areas at different temperatures should not be used to calculate relative
band strengths, as the salt begins desorbing at temperatures >135 K.

T Peak FWHM Rel. band area
K) [ (em™) (um) | (cm™) (um) '
102 | 2557.9 3.910 24.8 0.038 1
123 | 25569 3911 25.3 0.039 1.00
145 | 2557.4 3910 24.1 0.037 0.88
159 | 2569.9 3.891 4.1 0.006 0.63
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Figure 4.A.17: Areas (relative to the maximum peak area for each experiment) and positions of the
NH4" v4 mode during warm-up of the NH3:H,S ice mixtures. The points at the temperatures when the
peak areas are at their maximum for each experiment are indicated with a black outline.
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4.A.4 NH;SH:H;O supplementary laboratory data

This appendix contains supplementary data for the laboratory NH4SH:H,O ice mixture ex-
periments.
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Figure 4.A.18: Beer’s law plot used to derive the apparent band strength of the NH4™" vy feature

formed in the HyO:NH3:H,S 10:2:1 mixture.
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Figure 4.A.20: Beer’s law plot used to derive the apparent band strength of the NH4™ vy feature
formed in the HyO:NH3:H,S 8:5:4 mixture.
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Figure 4.A.21: Beer’s law plot used to derive the apparent band strength of the SH™ stretching feature
formed in the HyO:NH3:H,S 8:5:4 mixture.
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Figure 4.A.22: The FWHM of the NH; " v4 mode at 135 K plotted as a function of the concentration of
NH4 ™ with respect to H>O (assuming 100% reaction completion) for various H,O:NH3:H,S mixtures.
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Figure 4.A.23: The peak position of the SH™ stretching mode at 135 K plotted as a function of the con-
centration of SH™ with respect to HyO (assuming 100% reaction completion) for various HyO:NH3:H,S
mixtures.
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Figure 4.A.24: The FWHM of the SH™ stretching mode at 135 K plotted as a function of the concen-
tration of SH™ with respect to HyO (assuming 100% reaction completion) for various HyO:NH3:H,S
mixtures.
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Figure 4.A.25: TPD curve of NH3, H,O, and H,S from the HyO:NH3:H,S 10:3:2 mixture. The tem-
perature of the 40 min hold (120 K) is marked with a solid black line, the temperature at the maximum
area of the NH4 T v4 mode (135 K) is marked with a green dashed line, the temperature when crystal-
lization begins (150 K) is marked with a cyan dotted line, and the temperature of peak desorption is
marked with a red solid line (172 K). The H,S signal consists of the 34 m/z peak (H,S™). The NH3 and
H,O signals are derived by deconvolving the 17 m/z (NH3+ and OH") and 18 m/z (H,O" and YNH3 1)
signals using systems of equations and scaling factors obtained from QMS data from pure depositions.
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Figure 4.A.26: Comparison of the NH4™" v features in the spectra of the HyO:NH3:H,S 10:3:2 ice
mixtures before and after annealing. Top: NH4" v4 mode after deposition at 15 K (light blue dashed
trace) and after heating to 135 K (solid red trace). Bottom: NH4* v4 mode after re-cooling from 135
K to 15 K (blue dashed trace) and after re-heating the annealed ice from 15 K to 135 K (solid dark red
trace). Peak positions are marked with translucent vertical lines.

Table 4.A.12: Peak positions, FWHMSs, and integrated band areas of the NH4" v4 mode in
H;O:NH3:H,S ice with a mixing ratio of 8:5:4 at temperatures ~15-170 K. The uncertainties of the
peak positions and FWHMs are 0.5 cm~'. Reported band areas are provided relative to the maximum
amorphous value recorded during the warm-up. The reported band areas at different temperatures should
not be used to calculate relative band strengths, as the salt abundance in the laboratory ice varies during
warm-up as the acid-base reaction proceeds, and the salt begins desorbing at temperatures >135 K.

H,O:NH3:H,S | T Peak FWHM Rel. band area
mixing ratio (K) | em™) (um) | (cm™") (um) )

15 | 14782 6.765 73.0 0.337 0.36
33 | 14774 6.768 73.3 0.338 0.40
55 | 14743 6.783 73.0 0.339 0.49
76 | 1467.8 6.813 75.0 0.351 0.69

8:5:4 98 | 1463.5 6.833 75.7 0.356 0.84
120 | 1460.6 6.847 76.4 0.362 0.96
135 | 1459.6 6.851 75.9 0.360 1
156 | 1421.0 7.037 11.1 0.055 0.97
174 | 1419.8 7.043 8.9 0.044 0.21
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Table 4.A.13: Peak positions, FWHMSs, and integrated band areas of the NH4" v4 mode in
H;O:NH3:H,S ices with NH3:H,S mixing ratios of 2:1 at temperatures ~15-170 K. The uncertain-
ties of the peak positions and FWHMs are 0.5 cm~!. Reported band areas are provided relative to the
maximum amorphous value recorded during the warm-up. The reported band areas at different temper-
atures should not be used to calculate relative band strengths, as the salt abundance in the laboratory ice
varies during warm-up as the acid-base reaction proceeds, and the salt begins desorbing at temperatures
>135K.

H,O:NH3:H,S T Peak FWHM Rel. band area
mixing ratio K) | em™H  (um) | em™YH (um) '
15 14849 6.734 69.9 0.320 0.15
34 | 14852 6.733 69.9 0.320 0.17
56 | 14835 6.741 69.4 0.319 0.27
77 1480.3 6.755 70.9 0.327 0.46
10:2:1 99 14789  6.762 73.3 0.339 0.71
120 | 14784 6.764 75.2 0.348 0.94
133 | 14779 6.766 74.0 0.343 1
144 | 14755 6.777 74.7 0.347 0.834
154 | 1422.5 7.030 11.1 0.055 0.65
176 | 142277  7.029 7.7 0.038 0.18
15 14844  6.737 71.4 0.327 0.21
34 | 14847 6.735 68.9 0.315 0.22
56 14832  6.742 67.5 0.310 0.30
77 1480.1 6.756 71.1 0.328 0.51
8:2:1 99 | 14782 6.765 74.5 0.345 0.74
120 | 1477.0 6.771 75.7 0.351 0.92
134 | 1477.2 6.770 74.2 0.344 1
142 | 1474.1 6.784 75.5 0.351 0.89
156 | 14225 7.030 11.1 0.055 0.65
170 | 1422.7 7.029 9.2 0.045 0.22
15 14852 6.733 68.5 0.313 0.24
34 14844  6.737 68.5 0.313 0.26
56 | 1482.8 6.744 69.7 0.320 0.37
77 1479.4  6.760 71.8 0.331 0.54
6:2:1 99 14772  6.770 75.5 0.350 0.76
120 | 1476.2 6.774 76.2 0.353 0.89
135 | 1476.2 6.774 74.7 0.347 1
142 | 1473.1 6.788 76.7 0.357 0.96
156 | 1422.0 7.032 10.4 0.051 0.68
170 | 1421.8 7.034 8.9 0.044 0.26
15 1484.4  6.737 68.5 0.313 0.25
34 | 14837 6.740 68.7 0.315 0.28
55 1482.0 6.748 70.1 0.322 0.38
77 1478.4  6.764 72.6 0.335 0.55
51 98 14758 6.776 75.7 0.351 0.73
120 | 1475.0 6.779 76.7 0.356 0.85
134 | 14748 6.781 74.7 0.347 091
141 | 14719 9.794 76.4 0.356 1
156 | 14215 7.035 10.6 0.052 0.73
170 | 14213 7.036 8.9 0.044 0.33
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Table 4.A.14: Peak positions, FWHMSs, and integrated band areas of the NH4" v4 mode in
H;O:NH3:H,S ices with NH3:H,S mixing ratios of 3:2 at temperatures ~15-170 K (part 1). The un-
certainties of the peak positions and FWHMs are 0.5 cm~!. Reported band areas are provided relative
to the maximum amorphous value recorded during the warm-up. The reported band areas at different
temperatures should not be used to calculate relative band strengths, as the salt abundance in the lab-
oratory ice varies during warm-up as the acid-base reaction proceeds, and the salt begins desorbing at

temperatures >135 K.

H,O:NH3:H,S | T Peak FWHM Rel. band area
mixing ratio (K) | ecm™)  (um) | (cm™") (um) '

15 | 14832 6.742 69.9 0.321 0.17
34 | 1483.0 6.743 72.1 0.331 0.20
56 | 1482.0 6.748 69.4 0.319 0.28
77 | 14774  6.768 72.6 0.336 0.47

12:32 99 | 14755 6.777 74.2 0.345 0.68
120 | 1473.6 6.786 75.5 0.351 0.88
135 | 14729 6.789 74.2 0.346 0.99
142 | 1471.2 6.797 74.7 0.349 0.95
156 | 1422.7 7.029 11.1 0.055 0.63
170 | 14227 7.029 8.7 0.043 0.30
15 | 1482.5 6.745 71.1 0.327 0.21
34 | 14825 6.745 71.4 0.328 0.23
56 | 1480.6 6.754 70.4 0.324 0.32
77 | 1477.0 6.771 72.6 0.336 0.51

10:3:2 99 | 14743 6.783 74.7 0.348 0.72
120 | 14724 6.792 75.7 0.353 0.91
136 | 1472.1 6.793 73.5 0.343 1
154 | 1422.5 7.030 11.3 0.056 0.66
172 | 14222 7.031 8.9 0.044 0.31
15 | 1482.0 6.748 69.9 0.321 0.27
34 | 1481.1 6.752 68.9 0.317 0.28
56 | 1478.7 6.763 70.6 0.326 0.38
77 | 1473.8 6.785 73.5 0.341 0.55

6:32 99 | 1470.2 6.802 75.2 0.351 0.70
120 | 1468.5 6.810 76.7 0.359 0.83
134 | 1468.0 6.812 75.0 0.351 0.90
145 | 14654 6.824 75.0 0.352 0.96
156 | 1421.5 7.035 11.1 0.055 0.77
170 | 14203 7.041 8.9 0.044 0.47
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Table 4.A.15: Peak positions, FWHMs, and integrated band areas of the NH4* v4 mode in
H;0O:NH3:H,S ices with NH3:H,S mixing ratios of 3:2 at temperatures ~15-170 K (part 2). The un-
certainties of the peak positions and FWHM:s are 0.5 cm~!. Reported band areas are provided relative
to the maximum amorphous value recorded during the warm-up. The reported band areas at different
temperatures should not be used to calculate relative band strengths, as the salt abundance in the lab-
oratory ice varies during warm-up as the acid-base reaction proceeds, and the salt begins desorbing at

temperatures >135 K.

H;O:NH3:H,S T Peak FWHM Rel. band area
mixing ratio | (K) | (em™!) (um) | (cm™!) (um) :

15 1478.7 6.763 71.1 0.327 0.41
34 1478.7 6.763 71.8 0.330 0.44
56 1476.5 6.773 71.8 0.332 0.52
77 14714  6.796 75.0 0.349 0.69

432 99 1467.1 6.816 76.4 0.358 0.83
120 | 14654 6.824 77.4 0.363 0.92
135 | 14652 6.825 76.2 0.358 0.97
145 | 1463.2 6.834 75.9 0.358 1
160 | 1421.0 7.037 10.1 0.050 0.98
170 | 1419.8 7.043 8.4 0.042 0.60
15 14774 6.768 72.3 0.333 0.51
33 1476.7 6.772 73.3 0.338 0.55
54 1474.6  6.782 74.0 0.342 0.63
76 1468.8  6.808 74.5 0.347 0.75

3:3:2 97 14644 6.829 76.4 0.358 0.89
119 | 1463.0 6.835 77.4 0.364 0.95
140 | 1461.5 6.842 76.7 0.362 1
158 | 1420.8 7.038 10.1 0.050 1.03
169 | 1420.3 7.041 94 0.047 0.67
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Table 4.A.16: Peak positions, FWHMSs, and integrated band areas of the NH4" v4 mode in
H;0O:NH3:H,S ices with NH3:H,S mixing ratios of 1:1 at temperatures ~15-170 K. The uncertain-
ties of the peak positions and FWHMs are 0.5 cm™!. Reported band areas are provided relative to the
maximum amorphous value recorded during the warm-up. The reported band areas at different temper-
atures should not be used to calculate relative band strengths, as the salt abundance in the laboratory ice
varies during warm-up as the acid-base reaction proceeds, and the salt begins desorbing at temperatures

>135 K.
H,O:NH3:H,S | T Peak FWHM
mixing ratio (K) | cm™) (um) | em™") (um) Rel. band area

15 | 1482.8 6.744 71.4 0.328 0.12
34 | 1482.0 6.748 71.1 0.328 0.14
56 | 1480.6 6.754 70.9 0.327 0.22
77 | 1475.8 6.776 72.3 0.336 0.39

5141 99 | 1473.8 6.785 72.6 0.338 0.59
120 | 1471.9 6.794 73.3 0.342 0.80
131 | 1470.0 6.803 73.3 0.343 0.92
142 | 1467.8 6.813 71.6 0.335 1
160 | 1422.7 7.029 11.6 0.057 0.62
170 | 1422.7 7.029 8.7 0.043 0.27
15 | 14789 6.762 72.6 0.335 0.27
34 | 14784 6.764 72.1 0.333 0.29
56 | 14755 6.777 72.8 0.337 0.39
77 | 1470.0 6.803 73.5 0.343 0.57

2141 99 | 14652 6.825 74.5 0.350 0.75
120 | 1462.3 6.839 74.7 0.353 0.89
131 | 1460.6 6.847 74.7 0.353 0.96
142 | 1458.9 6.855 74.2 0.352 1
160 | 1421.5 7.035 11.6 0.057 0.97
170 | 1420.6 7.039 9.6 0.048 0.70
15 | 1473.8 6.785 73.3 0.339 0.41
34 | 1473.1 6.788 74.5 0.345 0.46
56 | 1470.2 6.802 73.3 0.341 0.53
77 | 1462.5 6.838 73.0 0.343 0.68

11:1 99 | 1457.7 6.860 73.8 0.350 0.84
120 | 1455.0 6.873 75.7 0.361 0.93
135 | 1453.1 6.882 76.7 0.367 0.98
145 | 1451.7 6.889 76.7 0.368 1
160 | 1421.5 7.035 11.1 0.055 0.90
170 | 1421.5 7.035 10.4 0.051 0.36
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Table 4.A.17: Peak positions, FWHMSs, and integrated band areas of the NH4" v4 mode in
H,O:NH3:H,S ice with a mixing ratio of 10:2:3 at temperatures ~15-170 K. The uncertainties of the
peak positions and FWHM s are 0.5 cm~!. Reported band areas are provided relative to the maximum
amorphous value recorded during the warm-up. The reported band areas at different temperatures should
not be used to calculate relative band strengths, as the salt abundance in the laboratory ice varies during
warm-up as the acid-base reaction proceeds, and the salt begins desorbing at temperatures >135 K.

H,O:NH3:H,S | T Peak FWHM Rel. band area
mixing ratio (K) | em™)  (um) | (cm™") (um) ’

15 | 14794 6.760 69.9 0.322 0.14
34 | 14784 6.764 72.6 0.336 0.17
56 | 14774 6.768 70.4 0.326 0.26
77 | 1473.1 6.788 70.9 0.330 0.45

10:2:3 99 | 14709 6.798 70.9 0.331 0.67
120 | 1469.0 6.807 70.4 0.329 0.85
135 | 14673 6.815 69.7 0.326 0.97
142 | 1466.8 6.817 68.9 0.323 1
160 | 14222 7.031 11.6 0.057 0.68
170 | 14222 7.031 9.9 0.049 0.34

Table 4.A.18: Peak positions and FWHMs of the SH™ stretching mode in HyO:NHj3:H;S ices at 135
K. The uncertainties of the peak positions and FWHMs are 0.5 cm ™!,

H,O:NH3:H,S Peak FWHM
mixing ratio (cm™h (um) (cm™1) (Uum)
10:2:1 2565.7 3.898 22.4 0.034
8:2:1 2566.1 3.897 27.2 0.041
6:2:1 2566.5 3.896 26.2 0.040
5:2:1 2566.6 3.896 25.8 0.039
12:3:2 2564.2  3.900 29.3 0.045
10:3:2 2564.5 3.899 27.3 0.042
6:3:2 2561.2 3.904 32.2 0.049
4:3:2 2560.8 3.905 29.2 0.045
3:3:2 2559.8 3.907 31.1 0.047
8:5:4 2558.2  3.909 34.6 0.053
5:1:1 2561.3  3.904 323 0.049
2:1:1 25572 3910 359 0.055
1:1:1 25559 3913 30.4 0.047
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4.A.5 Observational supplementary data
Continua

This appendix contains figures showing the local and global continua used to extract the ob-
served features of interest for further analysis as well as fits to the anion features in Bl-c,
L1527, and W33A and the silicate and H,O libration features in L1527.
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Figure 4.A.27: Fits used to extract the optical depth of the silicate feature and H,O ice column density
from the spectrum of L1527. The fitting procedure is analogous to that described in [Boogert et al.
(2008). Top: global continuum used to derive the spectrum of L1527 on the optical depth scale. Middle:
subtraction of the silicate template spectrum GCS 3 (Kemper et al.[2004) from the spectrum of L1527 on

the optical depth scale. Bottom: fit of a laboratory 15 K H,O ice spectrum to the 12 um H;O libration
mode in the silicate subtracted spectrum of L1527 on the optical depth scale.
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Figure 4.A.28: Local continua used to extract the 6.85 um feature for fitting with laboratory data.
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Figure 4.A.29: Local continua used to extract the 3.7-4.2 um spectral region for fitting with laboratory

data.
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Figure 4.A.30: Global continua used to extract the 5.3 um feature for fitting with laboratory data.
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Figure 4.A.31: Gaussian fits used to estimate abundances and upper limits of the OCN~, CN~
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HCOO™ anions toward three protostellar sources. The selected IR features of CN~ and HCOO™ overlap
with those of '3CO and CH3CHO, respectively, so their column densities resulting from these fits are
only considered upper limits. No feature is detected in the CN~/'3CO spectral region in the W33A

spectrum.
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NH from T9.7

The hydrogen column densities of the investigated sources were estimated in all of the inves-
tigated sources except L1527 by [Boogert et al.|(2013) using the relation:

Ny =3.08 x 10°* X Ag(cm™?), (4.A.2)

where Ax was estimated using the fitting parameters derived from the optical depths of
the silicate features (79 7) and measured Ak values in the dense cores of Lupus:

Ty = 0.26 x Ag. (4.A.3)

Assuming that the relationships between 797 and Ak in the clouds and protostellar en-
velopes investigated here are consistent with those observed in the dense cores of Lupus, an
uncertainty of ~30% applies to the derived Ny values (Boogert et al.|2013). Using fitting
parameters derived from measurements of the diffuse medium would provide Ny values up to
a factor of 2-4 lower (Bohlin et al.|1978} Boogert et al.|2013; Whittet|2018)), resulting in total
% S budgets that are a factor of 2-4 higher than our reported values, but the environments of
the sources investigated here are more likely to be analogous to the dense clouds of Lupus
rather than the diffuse medium.
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