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ABSTRACT

Context. Complex organic molecules (COMs) are ubiquitously detected in the gas phase and are thought to be mostly formed on icy grains.
Nevertheless, no unambiguous detection of COMs larger than CH3OH in ices has been reported so far, but exploring this matter in more detail has
become possible with the unprecedented possibilities offered by the James Webb Space Telescope (JWST) within the infrared (IR) spectral range
with its very high sensitivity and spectral resolution in the critical 5−10 µm range, the fingerprint region of oxygen-bearing COMs.
Aims. In the program JWST Observations of Young protoStars (JOYS+), more than 30 protostars are being observed with the Medium Resolution
Spectrograph (MRS) of the Mid-IR Instrument (MIRI). The goal of this study is to comprehensively explore the COMs ice signatures in one low-
and one high-mass protostar, NGC 1333 IRAS 2A and IRAS 23385+6053, respectively.
Methods. We perform global continuum and silicate subtractions of the MIRI-MRS spectra, followed by a local continuum subtraction in optical
depth scale in the range around 6.8 and 8.6 µm, the ice COM fingerprint region. Different choices of local continuum and silicate subtraction were
explored. Next, we fit observational data with a large sample of available IR laboratory ice spectra. We use the ENIIGMA fitting tool, a genetic
algorithm-based code that not only finds the best fit between the lab data and the observations but also performs statistical analysis of the solutions,
such as deriving the confidence intervals and quantifying fit degeneracy.
Results. We report the best fits for the spectral ranges between 6.8 and 8.6 µm in NGC 1333 IRAS 2A and IRAS 23385+6053, originating from
simple molecules and COMs, as well as negative ions. In total, 10 chemical species are needed to reproduce the astronomical data. The strongest
feature in this range (7.7 µm) is dominated by CH4 and has contributions of SO2 and OCN−. Our results indicate that the 7.2 and 7.4 µm bands are
mostly dominated by HCOO−. We also find statistically robust detections of COMs based on multiple bands, most notably CH3CHO, CH3CH2OH,
and CH3OCHO. The likely detection of CH3COOH is also reported. Based on the ice column density ratios between CH3CH2OH and CH3CHO
of NGC 1333 IRAS 2A and IRAS 23385+6053, we find compelling evidence that these COMs are formed on icy grains. Finally, the derived ice
abundances for NGC 1333 IRAS 2A correlate well with those in comet 67P/GC within a factor of 5.
Conclusions. Based on the high-quality JWST (MIRI-MRS) spectra, we conclude that COMs are present in interstellar ices, thus providing
additional proof for a solid-state origin of these species in star-forming regions. In addition, the good correlation between the ice abundances in
comet 67P and NGC 1333 IRAS 2A is fully in line with the idea that cometary COMs can be significantly inherited from the early protostellar
phases.
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1. Introduction1

Complex organic molecules (COMs) are molecules with 6 atoms2

or more and have at least one atom of Carbon (Herbst & van3

Dishoeck 2009). They are intrinsically important to comprehend4

the chemical complexity developed in star-forming regions since5

these materials are the feedstock for future exoplanetary sys-6

tems. Once available in primitive planetary systems, this material7

can potentially promote the habitability of planets. An important8

question for delivering organic material to new solar systems is9

whether the molecules are in the gas phase or in ices as part of icy10

dust grains. Only in the latter case water and organic molecules11

are expected to be effectively delivered to terrestrial planets as12

discussed by Morbidelli et al. (2012); van Dishoeck et al. (2014);13

Morbidelli et al. (2018); O’Brien et al. (2018); van Dishoeck14

et al. (2021) and the lower UV photodestruction cross-section of 15

those molecules in the solid-phase (e.g., Öberg 2016). Yet, very 16

little information is available about these organic molecules in 17

ices. The James Webb Space Telescope (JWST) provides a tool 18

to change the situation by observing ice features during the early 19

protostellar phases with higher resolution and sensitivity than be- 20

fore. 21

Gas-phase observations have been exceptionally successful 22

in probing the chemical complexity towards low-mass and mas- 23

sive young stellar objects (LYSOs and MYSOs, respectively) as 24

shown in the literature (e.g., Blake et al. 1987; Cazaux et al. 25

2003; Bergner et al. 2017; Manigand et al. 2020; Belloche et al. 26

2020; van Gelder et al. 2020; Jørgensen et al. 2020; Nazari et al. 27

2021; Gieser et al. 2021), and the observations and abundances 28

of many COMs are summarized in the review by Jørgensen 29
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et al. (2020). The current consensus is that COMs are efficiently30

formed in the solid phase, and desorb into the gas phase by31

thermal and non-thermal mechanisms. Nevertheless, methanol32

(CH3OH) is the only COM securely identified in the solid phase33

based on the infrared (IR) spectra from the United Kingdom In-34

frared Telescope (UKIRT; Grim et al. 1991; Skinner et al. 1992;35

Dartois et al. 1999), Infrared Space Observatory (ISO, e.g., Gibb36

et al. 2004), Very Large Telescope (Pontoppidan et al. 2004;37

Dartois et al. 2003; Thi et al. 2006), Infrared Telescopy Facil-38

ity (Chu et al. 2020), Spitzer Space Telescope (Boogert et al.39

2008; Bottinelli et al. 2010), AKARI (Shimonishi et al. 2010;40

Perotti et al. 2021), and recently with JWST (e.g., Yang et al.41

2022; McClure et al. 2023). Larger COMs compared to CH3OH42

have been tentatively identified based on only a single infrared43

(IR) vibrational mode or were proposed as possible carriers for44

yet unidentified features, such as ethanol - CH3CH2OH and ac-45

etaldehyde - CH3CHO (Schutte et al. 1999; Öberg et al. 2011;46

Terwisscha van Scheltinga et al. 2018). These two COMs were47

also tentatively identified in the JWST high spectral resolution48

and sensitivity spectrum of IRAS 15398−3359 (Yang et al. 2022)49

and towards two background stars (McClure et al. 2023), al-50

though at lower spectral resolution. Other upper limits have been51

determined for methyl formate (CH3OCHO; Terwisscha van52

Scheltinga et al. 2021), methylamine (CH3NH2; Rachid et al.53

2021), methyl cyanide (CH3CN; Rachid et al. 2022), and for-54

mamide (NH2CHO; Schutte et al. 1999; Slavicinska et al. 2023).55

Boudin et al. (1998) also estimated upper limits for molecules56

such as ethane (C2H6), acetylene (C2H2), hydrazine (N2H4), hy-57

drogen peroxide (H2O2) and the hydrozonium ion (N2H+
5 ).58

In parallel, gas phase formation of COMs through ion-59

molecule reactions has been proposed as well (e.g., Balucani60

et al. 2015; Skouteris et al. 2018; Vazart et al. 2022). The re-61

cent detection in a protoplanetary disk of gas phase CH+
3 (Berné62

et al. 2023), an important intermediate in such reactions, sup-63

ports the idea that COM formation is not exclusively realized on64

icy grains. This study focuses on the latter.65

In the mid-IR spectral range, icy COMs have multiple ab-66

sorption features, at for example, ∼5.8 µm, 6.8−7.0 µm, 7.2 µm,67

7.4 µm, ∼8 µm, and ∼9.5−9.8 µm. However, due to the spec-68

tral overlap with the features of other molecules (including dust69

grain species), the bands at 7.2 and 7.4 µm bands have been con-70

sidered the main fingerprint of COMs (e.g., Schutte et al. 1999;71

Öberg et al. 2011; Terwisscha van Scheltinga et al. 2018), which72

is also emphasized in this work. For example, Schutte et al.73

(1999) proposed that the 7.2 µm band can be due to HCOOH74

(formic acid) ice, notably, the O−H bending mode of the car-75

boxylic functional group and the C−H bending mode. In particu-76

lar, Bisschop et al. (2007) finds a good match between the 7.2 µm77

band of the high-mass protostar W33A and the tertiary mixture78

HCOOH:CH3OH:H2O. The assumption that HCOOH would be79

the only carrier of the 7.2 µm band would lead to an unrealistic80

high solid-state abundance which is not in line with gas-phase81

observations (Bisschop et al. 2007). Nevertheless, this is not an82

argument for excluding HCOOH as a component of the inter-83

stellar ice, because it is also visible at other wavelengths (e.g.,84

5.8 µm). Instead, this indicates that HCOOH is not the main car-85

rier of the 7.2 µm band. As an alternative, Boudin et al. (1998)86

and Öberg et al. (2011) propose that the deformation mode in87

the methyl functional group (CH3) of ethanol can be the carrier88

for the 7.2 µm band. In the case of the 7.4 µm absorption fea-89

ture, Schutte et al. (1999) propose that the formate ion (HCOO−)90

and acetaldehyde can be the carriers of this band. In all cases,91

these tentative assignments need a convincing profile fit with92

laboratory data to confirm these chemical species as carriers of93

those bands. These fits must also consider a larger spectral range 94

around the 7−8 µm range where other typical vibrational modes 95

of COMs are also detectable. 96

In addition to COMs, ions such as OCN− (cyanate ion), 97

HCOO− and NH+
4 have been proposed to be present in inter- 98

stellar ices mostly as part of salts produced by acid-base reac- 99

tions (e.g., Geballe 1984; Grim & Greenberg 1987; Schutte et al. 100

1999; Schutte & Khanna 2003; Gálvez et al. 2010; Maté et al. 101

2012; Moreno et al. 2013; Bergner et al. 2016; Kruczkiewicz 102

et al. 2021). The presence of OCN− in ice mantles can be con- 103

sidered a secure detection based on comprehensive laboratory 104

experiments and extensive analysis towards several protostars 105

(e.g., Geballe 1984; van Broekhuizen et al. 2004) and towards 106

background stars (McClure et al. 2023), and the good correlation 107

between gas-phase abundances of HNCO and OCN− ice (Öberg 108

et al. 2009a). In the case of HCOO− and NH+
4 , Boogert et al. 109

(2015) argue that a convincing profile fit is still needed to firmly 110

confirm the presence of these ions in ice mantles. If present in 111

interstellar ices, these ions are likely part of refractory salts such 112

as ammonium formate (NH+
4 HCOO−) studied in the laboratory 113

and found in comet 67P/G-C (e.g., Poch et al. 2020). In addition, 114

the presence of OCN− and HNCO in ices has a strong astrobi- 115

ological appeal: HNCO participates as a peptide bond between 116

two single amino acids (e.g., Fedoseev et al. 2015; Quénard et al. 117

2018; Colzi et al. 2021; Ligterink et al. 2022). 118

In this work, we address the presence of simple molecules, 119

COMs, and ions in protostellar ices using newly observed JWST 120

spectra of two protostars with the Medium Resolution Spectro- 121

graph (MRS) of the Mid-Infrared Instrument (MIRI) under the 122

JOYS+ program1 (JWST Observations of Young protoStars; van 123

Dishoeck et al. 2023). The first source is a high-mass (∼220 M�; 124

d = 4.9 kpc; Molinari et al. 1998, 2008) star-forming region 125

called IRAS 23885+6053 (hereafter IRAS 23385). This clus- 126

ter is highly embedded in its natal molecular cloud and shows 127

maser emissions of H2O (Casoli et al. 1986) and CH3OH (Kurtz 128

et al. 2004), characteristic of shocks. Spitzer observations of this 129

source reveal extended emission of polycyclic aromatic hydro- 130

carbons (PAHs) that are excited in this region by surrounding 131

sources with spectral types between B1.5 and B5 (Molinari et al. 132

2008). NOEMA (NOrthern Extended Millimeter Array) obser- 133

vations of this source show a variety of gas-phase molecules, 134

such as OCS, H2CO, HNCO, CH3OH and CH3CN (Cesaroni 135

et al. 2019). No other gas-phase COM have been detected in 136

this region apart from CH3OH and CH3CN (Gieser et al. 2021). 137

Recently, Beuther et al. (2023) present the rich MIRI-MRS spec- 138

trum of IRAS 23885, with focus on the outflow tracers H2(0−0) 139

S(7), [Fe II] (4F9/2 −
6D9/2) and [Ne II] (2P1/2 −

2P3/2), and an ac- 140

cretion tracer, the Humphreys α HI(7−6) emission line detected 141

at a 3−4σ level. A multiwavelength analysis using MIRI and 142

NOEMA data provides information about the hot, warm and cold 143

molecular components in IRAS 23385 (Gieser et al. 2023). In 144

addition, Francis et al. (submitted) analyse the compact gaseous 145

molecular emission in IRAS 23385. 146

The second source targeted in this work is the low-mass 147

Class 0 protostar NGC 1333 IRAS 2A (hereafter IRAS 2A) 148

(e.g., Jørgensen et al. 2005; Brinch et al. 2009), a well-studied 149

hot-corino located in the Perseus complex, specifically in the 150

NGC 1333 molecular cloud, at a distance of 299±3 pc (Ortiz- 151

León et al. 2018; Zucker et al. 2018). This is a protobinary sys- 152

tem (Looney et al. 2000; Reipurth et al. 2002), hosting two col- 153

limated jets (Sandell et al. 1994; Tobin et al. 2015). IRAS 2A is 154

also a source where several gas-phase COMs are identified (e.g., 155

1 https://miri.strw.leidenuniv.nl/
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Bottinelli et al. 2007), including glycolaldehyde (HCOCH2OH;156

Coutens et al. 2015; Taquet et al. 2015; De Simone et al. 2017),157

an important sugar molecule that participates in the formation of158

ribose, a component of the ribonucleic acid (RNA).159

Compared to the Spitzer Space Telescope, which had enough160

sensitivity to observe the brighter low-mass protostars but low161

spectral resolution, the JWST (MIRI/MRS) observations are162

qualitatively superior. The MIRI-MRS resolving power (R)163

around the 7−8 µm region, where COMs signatures are present,164

is R = 3500−4000 (Labiano et al. 2021), whereas the Spitzer In-165

frared Spectrograph (IRS) offered a resolving power of only R =166

60. Yang et al. (2022) demonstrate for IRAS 15398−3359 that167

the ice absorption features around the 7−8 µm are significantly168

stronger with much higher S/N profiles due to better resolution169

and sensitivity in the MIRI/MRS compared with Spitzer/IRS.170

An important disclaimer to make is that although this pa-171

per presents JWST/MIRI spectra of a high- and low-mass proto-172

star, this is not a comparative work of ices in those objects. In-173

stead, we show data from two sources that were observed first in174

our programs. A suitable comparison of ice features in different175

sources needs a more extended list of protostars and will be per-176

formed in future work. This paper is structured as follows: Sec-177

tion 2 introduces the JWST/MIRI observations of IRAS 23385178

and IRAS 2A, the method for the data reduction, and the back-179

ground subtraction. In Section 3 we describe how the ice bands180

are isolated, the fitting procedure, the method for quantifying181

the fitting degeneracy, and which criteria we use for a firm de-182

tection. We focus in this paper on the 6.8−8.6 µm range, and183

therefore molecules with vibrational modes outside this interval184

are not discussed (e.g., H2O, CO2, NH+
4 ). The results are shown185

in Section 4, which includes the spectral fits, degeneracy analy-186

sis and ice column densities. The discussions of these results are187

presented in Section 5, outlining the important insights from the188

JWST observations, and how the ice COMs abundances corre-189

late between the low- and high-mass protostar, as well as with the190

comet 67P/G-C. The conclusions are summarized in Section 6.191

Below we provide some guidelines for a selective reading of192

this paper:193

– JWST data treatment and subtractions performed on the194

data: Sections 2.1, 2.2, 3.1, 3.2, 3.3. Appendices A and B.195

196

– Fitting methodology and results: Sections 3.4 and 4.1.197

Appendices C and G.198

199

– Statistical analysis and degeneracy: Sections 3.5 and 4.2.200

Appendices H, I and J.201

202

– Identification criteria and suggestions for future works:203

Sections 3.6 and 3.7. Appendices E and F.204

205

– Ice column densities, abundances, and correlations: Sec-206

tions 4.3, 4.4, 4.5, 5.1.3, and 5.3. Appendix D and K.207

208

– Ice chemical complexity discussions: Sections 4.1, 5.1 and209

5.2. Appendix L.210

2. Observations211

2.1. Data reduction212

IRAS 23385+6053 (R.A. 23h40m54.5s, Dec. +61d10m28s) and213

NGC 1333 IRAS 2A (R.A. 03h28m55.57s, Dec. +31d14m36.97s)214

were observed with JWST as part of the guaranteed observation215

time (GTO) 1290 (P.I. E. F. van Dishoeck) and 1236 (P.I. M. 216

Ressler), respectively. 217

All data presented in this paper were taken with the Mid- 218

InfraRed Instrument (MIRI; Rieke et al. 2015; Wright et al. 219

2015, 2023) in the Medium Resolution Mode (MRS; Wells 220

et al. 2015; Labiano et al. 2021; Argyriou et al. 2023). For 221

IRAS 23385, the observation was done in 2-point dither mode 222

in a 4-point mosaic surrounding the central protostellar cluster. 223

For IRAS2A, the observation consists of a single pointing on the 224

protostellar binary in 2-point dither mode. For both targets, also 225

dedicated background observations were performed (no dither 226

for IRAS 23385, 2-point dither for IRAS 2A). For both targets, 227

all three gratings (A, B, C) were used, providing the full wave- 228

length coverage of MIRI (4.9–28 µm). All data were taken using 229

the FASTR1 readout mode. The integration time in each grating 230

was 200 s and 111 s for IRAS 23385 (per pointing in the mosaic) 231

and IRAS 2A, respectively. 232

The data were processed through all three stages of 233

the JWST calibration pipeline (Bushouse et al. 2022), us- 234

ing the reference context jwst_1017.pmap (IRAS 23385) 235

and jwst_0994.pmap (IRAS2A) of the JWST Calibra- 236

tion Reference Data System (CRDS; Greenfield & Miller 237

2016). The raw uncal data were first processed through 238

the Detector1Pipeline of the pipeline, followed by the 239

Spec2Pipeline. In the latter step, the data are corrected for 240

fringes using the fringe flat for extended sources (Mueller et al. 241

in prep.), followed by applying a residual fringe correction (Ka- 242

vanagh et al. in prep.). Moreover, in the case of IRAS2A, the 243

telescope background was subtracted in this step using the dedi- 244

cated background observation. However, the background obser- 245

vation of IRAS 23385 includes significant astronomical back- 246

ground emission across all wavelengths, as well as strong emis- 247

sion of PAHs, and could thus not be used to subtract the tele- 248

scope background. The background estimation and subtraction 249

procedure for IRAS 23385 is further discussed in Sect. 2.2. 250

As mentioned in Beuther et al. (2023), an astrometric correc- 251

tion was applied for IRAS 23385, i.e., 1.6077′′ in Right As- 252

cension and 0.3485′′ in Declination based on identified GAIA- 253

DR3 stars in the parallel images. No such correction was nec- 254

essary for IRAS2A. The data were further processed with the 255

Spec3Pipeline of the pipeline which produces cubes of all 12 256

subbands. In this step, both the master background and outlier 257

rejection routines were switched off. 258

The observation of IRAS 23385+6053 reveals two mid- 259

infrared continuum sources (Beuther et al. 2023) that are re- 260

solved at shorter wavelengths (channels 1 and 2, λ < 12 µm), 261

but which start to become marginally resolved at longer wave- 262

lengths (channel 3, 12 µm< λ < 17 µm) and are completely 263

unresolved at the longest wavelengths (channel 4, λ > 17 µm). 264

The spectrum is therefore extracted from a large aperture of 2.5′′ 265

in diameter (which does not increase with wavelength) centred 266

in between the two sources (R.A. (J2000) 23h40m54.49s, Dec 267

(J2000) 61d10m27.40s) to encompass the flux of both sources 268

across the full wavelength range. The estimated 1σ rms increases 269

from about 0.4 mJy below 20 µm to a few mJy at the longest 270

wavelengths. 271

In the observation of IRAS2A, only continuum emission re- 272

lated to the primary component of the binary is detected. The 273

spectrum is therefore extracted from the peak of the continuum 274

emission at 5.5 µm (R.A. (J2000) 03h28m55.57s, Dec (J2000) 275

31d14m36.76s). We assume that any contribution of the sec- 276

ondary component to the spectrum is negligible. The diameter 277

of the aperture was set to 4 × 1.22λ/D to capture as much of the 278

source flux as possible without including too much noise. The 279
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Fig. 1. MIRI MRS spectrum of the high-mass protostar IRAS 23385+6053 (top) and the low-mass protostar NGC 1333 IRAS 2A (bottom). Strong
gas-phase emission lines are masked in both spectra. The assignments for the absorption bands are given and differentiated by the colours. The
shaded cyan area indicates the “COMs region” that is studied in this work.

estimated 1σ rms is about 0.4 mJy below 15 µm and increases280

to a few mJy at 19 µm and > 10 mJy longwards of 22 µm.281

Figure 1 (top) shows the MIRI/MRS spectra of282

IRAS 23385+6053 (Beuther et al. 2023) and Figure 1 (bottom)283

shows IRAS 2A covering the range between 5 and 28 µm, and284

with a resolving power of 4000–1500 (Labiano et al. 2021).285

The spectral absorption features are associated with different286

ice molecules where the principal molecules are labelled in this287

figure, and those in the cyan region will be further discussed in288

Section 4. We highlight the broad feature of H2O covering the289

range between 5.5 and 8 µm (bending mode) and between 10290

and 20 µm (libration mode). HCOOH shows prominent features291

at 5.8 and 8.2 µm which can be distinguished in these sources.292

Small features attributed to NH3 (ammonia), CH4 (methane) and293

NH+
4 (ammonium) are also seen in this spectrum. Silicates are294

the other main solid-state species contributing to the absorption295

bands around 9.8 and 18 µm. In addition to the absorption296

features, the spectra of IRAS 23385 and IRAS 2A have various297

narrow emission lines which are masked in this work since it is298

focused on ice absorption features. We also point out that the299

IRAS 23385 spectrum is binned by a factor of four between 8.6300

and 12 µm because of the saturated silicate band, and IRAS 2A301

spectrum is binned by a factor of two in the entire MIRI-MRS302

range.303

2.2. Background subtraction for IRAS 23385+6053 304

In the case of IRAS 23385+6053, the telescope and other back- 305

grounds could not be subtracted in either the Spec2Pipeline 306

or Spec3Pipeline since this results in negative fluxes due to 307

significant astronomical emission in the dedicated background 308

observation. It is, however, crucial to remove the telescope back- 309

ground from our observations to derive accurate ice column den- 310

sities. The background was therefore estimated by extracting a 311

spectrum from the science observation off-source from the main 312

infrared continuum sources at the position within the IFU (In- 313

tegral Field Unit) where the background flux was the lowest 314

(R.A. (J2000) 23h40m54.15s, Dec (J2000) 61d10m26.96s) using 315

the same aperture size as used for extracting the science data 316

(2.5′′). The background subtraction also results in the subtrac- 317

tion of the 8.6 µm and 11.3 µm PAH features, the emission 318

of which was about equally strong in the background-position 319

as at the source position. However, a possible under- or over- 320

subtraction of PAH emission does not alter the results in this 321

work since the PAH bands are broader than the ice bands at the 322

wavelengths targeted in this paper. The background subtracted 323

spectrum of IRAS 23385+6053 is shown in the top panel of 324

Fig. 1. The numerous strong gas-phase emission lines have been 325

masked in this version of the spectrum. The unmasked version 326

is available in Beuther et al. (2023) and van Gelder et al. (2023) 327

for IRAS 23385 and IRAS 2A, respectively. 328
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Fig. 2. Summary of the methodology used in this paper.

3. Methodology329

In this section, we provide information about the methods used330

to trace and subtract the dust continuum profile, the procedure to331

remove the silicate bands, and finally, the technique used to fit332

and identify the ice absorption bands. The focus of this paper is333

on the 6.8−8.6 µm range as indicated in Figure 1, but the entire334

MIRI spectrum has to be taken into account for the continuum335

fitting. For clarity reasons, we summarize the methodology steps336

in a flowchart shown in Figure 2.337

3.1. Continuum subtraction and silicate removal338

The spectral energy distributions (SEDs) of IRAS 23385+6053339

and IRAS 2A show an increasing slope towards long wave-340

lengths which is typical of embedded protostars. Such SED341

shapes are also observed towards many high-mass protostars342

(e.g., Orion BN, Orion IRc2; Gibb et al. 2004) and low-mass pro-343

tostars (e.g., CrA IRAS32, IRAS 03301+311 and L1448 IRS1344

Boogert et al. 2008). The shorter wavelength SED is com-345

posed of contributions by warm dust at a range of temperatures,346

whereas the increase in flux beyond 20 µm is due to the coldest347

envelope material (Adams et al. 1987). Determining the contin-348

uum of these protostars in the mid-IR range is not trivial because349

of the broad absorption bands in this spectral region. Often, a350

guided polynomial function is used (e.g., Boogert et al. 2008)351

to trace the continuum SED. In this work, a third-order polyno-352

mial function is used to fit selected points between 5.3−5.5 and353

27−28.5 µm where there is little or no overlap exists with ice ab-354

sorption bands. An additional point was added at 7.5 µm slightly355

above the observational data to avoid unrealistic inflexions in356

the low-order polynomial that would lead to an unphysical357

continuum. The reason for using this point is to account for358

known broad absorption features in this range, for example,359

the blue wing of the 9.8 µm silicate feature, the H2O ice broad360

bending mode, part of the C5 component proposed in Boogert361

et al. (2008), and some of the complex molecules targeted in 362

this paper. In this case, the observed flux itself at 7.5 µm is 363

not suitable to be used as an anchor point. Uncertainties in 364

the position of this guiding point do not affect the conclusions 365

of this work. Figures 3a and 3b, show the polynomial fits used 366

for IRAS 23385 and IRAS 2A, respectively, and the emission 367

lines are masked. Note that there is significant absorption with 368

respect to this continuum over the entire wavelength range in 369

both sources. 370

Once the continuum SED is determined, we convert the 371

MIRI-MRS spectra of the two protostars to an optical depth 372

scale, as shown in Figures 3c and 3d by using the equation be- 373

low: 374

τλ = −ln
(

Fsource
λ

Fcont
λ

)
, (1)

where Fsource
λ is the source spectrum and Fcont

λ is the continuum 375

SED. 376

Among the absorption bands seen in both spectra, silicates 377

significantly contribute to the bands around 9.8 µm and 18 µm. 378

Since the profile at 9.8 µm is positioned on top of a few ice 379

bands, we perform a silicate removal to analyse the absorption 380

features related to icy molecules. Often, the silicate profile ob- 381

served towards the galactic centre source, GCS 3, is used to 382

remove the silicate profile of other protostars (Boogert et al. 383

2008; Bottinelli et al. 2010). However, this method is not used 384

in this work because the shape of the silicate features towards 385

IRAS 23385+6053 and IRAS 2A are broader than GCS 3 as 386

shown in Figures A.1 and A.2 (Appendix A), and would lead 387

to a spurious absorption profile around 8.6 µm after removing 388

the silicate. As an alternative method, we combine two types of 389

silicate to match the band at 9.8 µm following the approach de- 390

scribed in Boogert et al. (2011); Poteet et al. (2015); Do-Duy 391

et al. (2020) and McClure et al. (2023). Specifically, we use a 392

mixture of amorphous pyroxene (Mg0.5Fe0.5SiO3) and olivine 393

(MgFeSiO4) from Dorschner et al. (1995). 394

We use the optool code (Dominik et al. 2021) to generate 395

optical depth spectra of the two silicate types. Briefly, we as- 396

sume a mixture of silicate and carbon, typical chemical species 397

of interstellar grains, with volume fractions of 87% and 13%, 398

for IRAS 23385 and 82% and 18% for IRAS 2A, as typically 399

used in protostar models. The variation in the fraction of car- 400

bon in the models allows us to fit the 9.8 µm and 18 µm bands 401

simultaneously because a higher volume fraction of amorphous 402

carbon reduces the intensities of the silicate bands. Different car- 403

bon fractions have been used in the literature to create dust mod- 404

els, for example, 30% (Weingartner & Draine 2001), and 15% 405

(Pontoppidan et al. 2005; Woitke et al. 2016). For the dust mod- 406

els, we assume a power-law size distribution with an exponent 407

of -3.5 and grain sizes ranging from 0.1 to 1 µm. We adopt a 408

distribution of hollow spheres (DHS; Min et al. 2005) to model 409

the silicate band, as this approach mimics irregular geometries 410

of the dust grains. The generated silicates are combined linearly 411

to match the 18 µm band without exceeding the absorption at 412

9.8 µm and the blue silicate wing around 8.5 µm as shown in 413

Figure 3c and 3d. 414

The optical depth ratio between the 9.8 and 18 µm silicate 415

features is equal to 2.7 for IRAS 23385 and 2.95 for IRAS 2A. 416

These values are higher compared to the silicates found in the 417

diffuse interstellar medium, which ranges from 1.4 to 2.0 (Chiar 418

& Tielens 2006). It is likely that grain growth plays a role in 419

this case, but a detailed study of this process is beyond the 420

scope of this work. The silicate-removed spectra of IRAS 23385 421
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Fig. 3. Continuum (a, b) and silicate subtraction (c, d) steps in IRAS 23385 (left) and IRAS 2A (right). The spectrum of IRAS 23385 is binned
by a factor of two between 9 and 11 µm due to the saturated silicate profile. A third-order polynomial function is used to trace the continuum, and
the silicate profile is a combination of two laboratory silicate spectra (olivine and pyroxene). Panels e and f show the silicate subtracted spectra of
both protostars, with major features labelled.

and IRAS 2A are presented in Figures 3e and 3f. By remov-422

ing the silicate bands, the H2O ice libration band is revealed423

around 12 µm. One can also see the ammonia umbrella mode at424

9.0 µm and the methanol C-O stretch mode at 9.8 µm in IRAS 2A425

(Fig. 3f), but not in IRAS 23385 because of the saturation due to426

the silicate feature, as well as the higher noise level.427

For completeness, we show in Appendix B the silicate sub-428

traction using different silicates for IRAS 2A, the source with429

high signal-to-noise ratio (S/N). Those spectra are scaled to an430

optical depth of τ = 4.9, which is the same as in the synthetic431

silicate fit (top panel of Figure B.1). The subtracted spectra are432

shown in the bottom panel. It is clear that the synthetic silicate433

and the MgSiO3 model taken from Poteet et al. (2015) show very434

similar profiles. On the other hand, the use of the GCS 3 sili-435

cate leads to an unrealistic absorption excess. Finally, it is worth436

mentioning that silica (SiO2) has a blue shoulder at 8.6 µm and a437

peak at 9 µm. However, the presence of silica is associated with438

other materials such as enstatite and forsterite whose spectral439

features are not seen in the sources addressed in this paper. For440

the different silicates considered in this paper, there are no rele-441

vant differences in the spectral shapes between 7.8 and 8.5 µm.442

3.2. SO2 gas emission subtraction443

In the spectrum of IRAS 2A, clear molecular emission is su-444

perimposed on the ice absorption features between ∼ 7.25 µm445

and ∼ 7.45 µm, see Fig. 4. This emission was recently found446

to originate from warm gas-phase SO2 (van Gelder et al. 2023).447

In order to accurately determine the contribution of ices in this448

wavelength range, the gas-phase emission lines of SO2 (ν3) have 449

to be subtracted from the spectrum. This was achieved by sub- 450

tracting the best-fit gas-phase emission line model of SO2, which 451

was recently derived by van Gelder et al. (2023). This model is 452

very well constrained by the R branch lines at 7.3 µm. 453

The SO2 emission subtracted spectrum is also presented in 454

Figure 4 as the orange line and clearly reveals an ice absorption 455

feature around 7.4 µm that was hidden by the SO2 emission. The 456

SO2 emission is slightly over-subtracted around 7.35 µm (i.e. at 457

the Q-branch) but this does not hamper the analysis of the ice 458

bands since this residual is much more narrow than typical ice 459

absorption bands. 460

3.3. Isolating ice features between 6.85 and 8.6 µm 461

Weak absorption features have been measured in the laboratory 462

covering the range between 6.85 and 8.6 µm (e.g., Lacy et al. 463

1991; Schutte et al. 1999; Öberg et al. 2011), and Terwisscha 464

van Scheltinga et al. (2018), which are compared with observa- 465

tional spectra of massive protostars, by Boogert et al. (2008); 466

Öberg et al. (2011), low-mass protostars (e.g., Zasowski et al. 467

2009; Yang et al. 2022) and background stars (McClure et al. 468

2023). Most notable are the absorption features around 7.2 and 469

7.4 µm. To isolate these bands, previous works used a polyno- 470

mial fit on the flux scale data to trace a local continuum start- 471

ing around 7.0−7.14 µm and finishing around 7.8-8.0 µm (e.g., 472

Schutte et al. 1999). This approach isolates the 7.2 and 7.4 µm 473

features but excludes potential absorption features around 7 µm 474
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Fig. 4. The observed spectrum of IRAS 2A (blue) surrounding the
7.2 µm and 7.4 µm ice absorption features with SO2 (ν3) emission. The
best-fit SO2 model of van Gelder et al. (2023) is presented in green and
the SO2 subtracted spectrum of IRAS2A is shown in orange. Subtract-
ing the SO2 emission clearly reveals the 7.4 µm absorption feature.

and at wavelengths long-wards of 7.8 µm where C−H and C−O475

absorption features of many possible molecules contribute.476

In this work, we isolate the 7.2 and 7.4 µm features using477

a third-order polynomial function, and following a slightly dif-478

ferent approach. First, instead of using the spectrum on the flux479

scale, we perform the polynomial fit on the optical depth scale480

after removing the silicate absorption. The strong silicate band481

makes it difficult to observe small features such as those due482

to COMs. Second, we use guiding points fitted by a third-order483

polynomial function, as shown in the left panels of Figure 5.484

This additional continuum represents blended absorption pro-485

files from the broad H2O ice bending mode, the red wing of486

the NH+
4 cation, and the C5 component proposed by Boogert487

et al. (2008). Another small contribution from the O-H bending488

mode of CH3OH ice is also considered in this step. The points489

used for IRAS 23385 are at 6.8, 7.2, 7.7 and 8.5 µm and at 6.8,490

7.3, 7.5, 9.4 and 10 µm for IRAS 2A. The positions of the guid-491

ing points are distinct because of the differences in the absorp-492

tion profiles of the two sources. In order to account for possible493

C−H absorption bands, the first point at 6.8 µm is chosen to be494

marginally above the wing of the strong 6.85 µm feature. The495

points long-wards of 7.8 µm are selected where we expect no496

or weak ice absorption, to account for the C−O features. In the497

case of IRAS 2A, we use points at 9.4 and 10.0 µm because of498

the clear absorption profiles at 9 and 9.8 µm.499

After subtracting the local continuum fit, we isolate the ice500

features in the range between 6.8 and 8.5 µm as shown in the501

right panels of Figure 5. In these figures, one can see absorp-502

tion bands at 7, 7.2, 7.4, 7.5−7.8 and 8.2 µm that are fitted and503

discussed in Sections 4 and 5, respectively. Notably, the 8.2 µm504

band of IRAS 23385 seems broad and asymmetric, whereas in505

IRAS 2A the same band seems broad, weaker and symmetric.506

The band around 7.7 µm has a prominent blue shoulder in both507

sources, reflecting the interaction with other neighbouring chem-508

ical species.509

3.4. Fits and laboratory data510

Since molecules have multiple functional groups, performing si-511

multaneous fits at different wavelengths supports secure detec-512

tion. Additionally, some molecules are expected to absorb in513

the wavelength range targeted in this paper, such as CH4, SO2,514

HCOOH, CH3CHO and CH3CH2OH (e.g., Schutte et al. 1999; 515

Bisschop et al. 2007; Öberg et al. 2008), which are used as start- 516

ing point in the MIRI spectral ice decomposition. We fit the re- 517

gion between 6.8 and 8.6 µm of IRAS 2A and IRAS 23385 using 518

the ENIIGMA fitting tool (Rocha et al. 2021). This code searches 519

for the global minimum solution that fits the observations by 520

performing a linear combination of laboratory ice data. The ge- 521

netic algorithm approach benefits from a simple fitness function 522

(Baeck et al. 2000), and here we use the root-mean-square error 523

(RMSE) given by the equation below: 524

RMS E =

√√√√
1
n

n−1∑
i=0

τobs
ν,i −

m−1∑
j=0

w jτ
lab
ν, j


2

(2)

where both experimental (τlab
ν,j ) and observational (τobs

ν,i ) spectrum 525

are converted to wavenumber space (ν), w j is the scale factor, 526

and m and n are the mth and nth data point. The absorbance lab- 527

oratory data (Abs) are converted to an optical depth scale by the 528

equation τlab
ν = 2.3Absν. In the degeneracy analysis shown in 529

Section 3.5, the error of the data is taken into account. 530

In a nutshell, ENIIGMA uses genetic modelling algorithms for 531

searching the optimal coefficients of the linear combination (w). 532

Genetic algorithms are robust optimization techniques based on 533

the processes of natural selection that aim to find the global mini- 534

mum solution for complex problems (Holland 1975; Koza 1992). 535

Once the best fit is found, ENIIGMA calculates the ice column 536

density of each component using the following equation: 537

Nice =
1
A

∫ ν2

ν1

τlab
ν dν, (3)

where A is the vibrational mode band strength of the molecule, 538

which is listed in Table 1. The band strengths of molecules 539

change depending on the chemical environment. For this reason, 540

we adopt values of corrected band strengths, when available, to 541

derive the ice column densities. The derivation of band strengths 542

is not straightforward because it depends on the ice density. The 543

typical band strength uncertainties are around 15% and 30% for 544

pure and mixed ices, respectively (Rachid et al. 2022; Slavicin- 545

ska et al. 2023). 546

The laboratory data considered in this paper are listed in Ap- 547

pendix C. These data were taken mainly from the Leiden Ice 548

Database for Astrochemistry2 (LIDA; Rocha et al. 2022) and 549

from the Goddard NASA database3. The methodology used by 550

ENIIGMA to test the data available is detailed in Rocha et al. 551

(2021). Here, we provide a brief description of the method. In 552

the first stage ENIIGMA combines IR spectra of pure ice at low 553

temperature with pure ice at high temperature. The best group 554

of solutions is passed to the second step. In the second stage, 555

ENIIGMA combines the previous best solution with pure ice, with 556

all ice mixtures in the ENIIGMA database in a sequential way. At 557

this stage, all data that has an IR feature in the range fitted was 558

tested. Finally, ENIIGMA passes the best-ranked groups of solu- 559

tions to a final stage, where species from one group of solutions 560

are mixed and combined with species from another group. This 561

allows the code to diversify the number of combinations and in- 562

creases the possibility for the code to find the global minimum 563

solution not only among the coefficients but also among the lab- 564

oratory data available. In total, the code tested 3173 different 565

2 https://icedb.strw.leidenuniv.nl/
3 https://science.gsfc.nasa.gov/691/cosmicice/spectra.
html
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Table 1. List of vibrational transitions and band strengths of molecules considered in this paper.

Structure Chemical formula Name λ [µm] ν [cm−1] Identification A [cm molec−1] References
H2O Water 13.20 760 libration 3.2 × 10−17 [1]

CH4 Methane 7.67 1303 CH4 def. 8.4 × 10−18 [1]

SO2 Sulfur dioxide 7.60 1320 SO2 stretch 3.4 × 10−17 [2]

H2CO Formaldehyde 8.04 1244 CH2 rock 1.0 × 10−18 [1]

CH3OH Methanol 9.74 1026 C−O stretch 1.8 × 10−17 [1]

HCOOH Formic acid 8.22 1216 C−O stretch 2.9 × 10−17 [1]

CH3CHO Acetaldehyde 7.41 1349 CH3 s-def./CH wag. 4.1 × 10−18,a [3]

CH3CH2OH Ethanol 7.23 1383 CH3 s-def. 2.4 × 10−18,a [4]

CH3OCHO Methyl formate 8.25 1211 C−O stretch 2.52 × 10−17,a [5]

2.28 × 10−17,b [5]

CH3COOH Acetic acid 7.82 1278 OH bend 4.57 × 10−17 [6]

HCOO− (B1) Formate ion 7.23 1383 C−O stretch 8.0 × 10−18 [3]

HCOO− (B2) Formate ion 7.38 1355 C−O stretch 1.7 × 10−17 [3]

OCN− Cyanate ion 7.62 1312 Comb. (2ν2) 7.45 × 10−18 [6]

CH3OCH3 Dimethyl ether 8.59 1163 COC str. + CH3 rock. 4.9 × 10−18,a [5]

CH3CN Methyl cyanide 7.27 1374 CH3 sym. def. 1.2 × 10−18,a [5]

CH3COCH3 Acetone 7.33 1363 CCC asym. str. 1.2 × 10−17,a [7]

CH3NH2 Methylamine 8.5 1176 CH3 rock 1.3 × 10−18,a [8]

NH2CHO Formamide 7.2 1388 CH bend 1.4 × 10−17,a [9]

HCOCH2OH Glycolaldehyde 7.3 1372 CH bend 7.7 × 10−18 [10]

Notes. [1] Bouilloud et al. (2015), [2] Boogert et al. (1997), [3] Hudson & Ferrante (2020), [4] Boudin et al. (1998), [5] Terwisscha van Scheltinga
et al. (2021), [6] This work - see Appendix D. aMixture with H2O. bMixture with CH3OH, [7] Rachid et al. (2020), [8] Rachid et al. (2021), [9]
Slavicinska et al. (2023), [10] Hudson et al. (2005)
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Fig. 5. Left: Local continuum in the 6.8−8.6 spectral range using a fourth-order polynomial function. Right: Isolated 6.8−8.6 optical depth
spectrum in both protostars.

combinations, where the best solution is the best-ranked group566

of components based on the RMSE value.567

We note that for the purpose of this paper, we subtract the568

absorption profiles of H2O and CH3OH around 6.8 µm from the569

ice mixtures using a local subtraction with a polynomial function570

(see Appendix E). This enables fitting the observational data af-571

ter local subtraction. As previously mentioned, the contribution572

of these two molecules is taken into account in the polynomial fit573

used to trace the local continuum between 6.8 and 8.6 µm. Most574

of the COM laboratory data have a spectral resolving power of575

R = 5000, which is degraded to the nominal spectral resolution576

of the two sources (R ∼ 3500) around 7−8 µm. In the case of577

HCOO− and OCN−, we isolated the ice bands of these ions us-578

ing a local baseline subtraction. These two species are formed579

from molecules engaged in an acid-base reaction, also known as580

Bronsted-Lowry acid-base theory (Brönsted 1923; Lowry 1923),581

and also seen in interstellar ices (e.g., Grim & Greenberg 1987;582

Schutte & Khanna 2003; van Broekhuizen et al. 2004). The583

amount of ions formed depends on the initial abundances of the584

parent molecules. By isolating these bands, one can mimic at585

first order, different initial conditions of parent species. It is also586

worth mentioning that the baselines of HCOOH ice mixture are587

checked before the analysis. Öberg et al. (2011) comments that588

one should be careful when deriving the formic acid and for-589

mate ion column densities because of baseline issues in some590

experimental data measured further in the past. In addition, it591

is important to note that HCOO− and HCOOH share a band at592

7.2 µm. For that reason, we would recommend using the 7.4 µm593

to quantify HCOO−.594

3.5. Degeneracy analysis 595

The ENIIGMA fitting tool performs a degeneracy analysis of the 596

coefficients in the linear combination that results in the best fit. 597

Briefly, the code performs a Gaussian variation around each co- 598

efficient by using the numpy function numpy.random.normal 599

(Harris et al. 2020), and is given by: 600

p(x) =
1

√
2πσ2

exp
[
−

(x − µ)2

2σ2

]
(4)

where µ values are the optimal coefficients, and σ is the standard 601

deviation around µ. This analysis allows us to calculate χ2 values 602

for each new linear combinati on, and derive confidence intervals 603

based on a ∆χ2 map (Avni & Bahcall 1980), which is formulated 604

as: 605

χ2 =
1

do f

n−1∑
i=0

τobs
ν,i −

∑m−1
j=0 w jτ

lab
ν, j

γobs
ν,i


2

(5a)

∆χ2(α, ε) = χ2 − χ2
min (5b)

where do f is the number of degrees of freedom, γ is the er- 606

ror in the observational optical depth spectrum propagated from 607

the flux error assumed to be 10%, α and ε are the statistical sig- 608

nificance and the number of free parameters, respectively. χ2
min 609

corresponds to the goodness-of-fit in the global minimum solu- 610

tion. 611

ENIIGMA also quantifies the statistical significance of a given 612

IR spectrum based on its recurrence, which is defined as: 613

R =
fi
S
, (6)
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where fi is the absolute frequency of sample i (i.e. how many614

times a specific laboratory data participates in the fit) and S is615

the total number of solutions. If R = 100%, the chemical species616

cannot be excluded from the fit. On the other hand, lower per-617

centages mean that the spectrum can be replaced by another one618

with a similar spectral shape without going outside of the confi-619

dence intervals. While the confidence interval analysis evaluates620

the degeneracy among the components in the best fit, the recur-621

rence analysis quantifies the degeneracy among different spectral622

data.623

3.6. Criteria for firm COM ice detections624

Boogert et al. (2015) classify three types of detection in ices:625

1. Secure: multiple bands or bands of isotopologues are de-626

tected in high-quality spectra;627

2. Likely: A single band is detected and the profile matches the628

laboratory spectra;629

3. Possibly: A single band is detected and there is no exact630

match between the profile and the laboratory spectra;631

COMs bands are naturally weak, and therefore the isotopo-632

logues criteria in (1) will be hardly satisfied for solid-phase633

detections. In addition, to these three criteria, Jørgensen et al.634

(2020) discuss gauges for the detection of exotic chemical635

species in the context of gas-phase observations. They mention636

that a firm identification needs a complete spectral survey with a637

synthetic spectrum that accounts for all the bands of the identi-638

fied molecules instead of using independent analytical functions639

(e.g., Gaussian fits) of individual lines. These criteria can also640

be applied in the context of COMs in ice, and it is strongly rec-641

ommended to use IR laboratory data for comparison instead of642

analytical functions (e.g., Gaussian, Lorentzian).643

We note that different from gas-phase observations, where644

the emission profiles are narrow and isolated, solid-phase ab-645

sorption profiles are often blended because of the common func-646

tional groups and broader spectral features. In addition, because647

of the ice matrix in which the molecules are embedded, the shape648

of the absorption bands change, with mixing ratio and tempera-649

ture (e.g., Öberg et al. 2007; Bouwman et al. 2007). While ice650

COMs show peculiar band shapes at high temperatures (> 70 K),651

they are very similar at lower temperatures (see Terwisscha van652

Scheltinga et al. (2018); Rachid et al. (2020, 2021); Terwisscha653

van Scheltinga et al. (2021); Rachid et al. (2022); Slavicinska654

et al. (2023)). In this sense, we add to the criteria presented by655

Boogert et al. (2015) and Jørgensen et al. (2020) that a degen-656

eracy analysis of molecules sharing similar functional groups is657

needed in order to claim a firm ice COM detection.658

3.7. Remarks for future works659

In this section, we point out some aspects important to guide660

future works on the analysis of COMs fingerprints in protostellar661

ices:662

– The intensities of COM bands in observational data are663

weaker compared to the major ice components. In this case,664

special attention must be paid to the baseline correction of665

COM IR laboratory spectra. Any minor inflexion can mimic666

a spurious feature and lead to misinterpretation of the obser-667

vational spectrum. An example is presented in Appendix F.668

The example is given for H2O:CH3CH2OH ice spectrum669

where a 7th-order polynomial is used to baseline correct the670

spectrum. We show that if a lower number of data points is671

considered around 8 µm, the polynomial function can fluctu- 672

ate and originate spurious features in the final data. Instead 673

cubic spline functions can be used to mitigate those fluc- 674

tuations. Another issue, not shown here, is that some weak 675

bands can be removed unintentionally if the user is not fa- 676

miliar with a particular dataset and source details. 677

– Tracing the local continuum on the observed spectrum is as 678

critical as the spectral fitting. In the COMs fingerprint region, 679

where broad bands are present, one should be careful when 680

attributing zero absorption for tracing the local continuum 681

between 6.8-8.6 µm. 682

– Analysis of observational spectra in the range between 6.8 683

and 8.6 µm using laboratory data of H2O- or CH3OH- con- 684

taining ices must have the features of these two molecules 685

subtracted to allow direct comparison with observational 686

data after local continuum removal. Appendix E shows an 687

example of how the CH3CH2OH bands in the mixture with 688

H2O and CH3OH were isolated. While a single 4th-order 689

polynomial was used in the case of H2O:CH3CH2OH, three 690

polynomial functions with different orders were needed in 691

the case of CH3OH:CH3CH2OH, which increases the risk of 692

creating spurious features. 693

4. Results 694

In this section, we show the fitting results of the protostars 695

IRAS 23385+6053 and IRAS 2A in the range between 6.8 and 696

8.4 µm, as well as the confidence interval analysis. 697

4.1. Spectral decomposition and feature analysis 698

The fits of the IRAS23385 and IRAS 2A spectra are shown 699

in Figure 6 top and bottom, respectively (see Appendix G for 700

an incremental version of these figures, following the individ- 701

ual fitting steps). These two MIRI/MRS spectra are decom- 702

posed using nine laboratory spectra which were selected by 703

ENIIGMA and they provide the global minimum solution. Among 704

the COMs fitted in this work are, CH3CHO, CH3CH2OH, 705

CH3OCHO (methyl formate) and CH3COOH (acetic acid), with 706

the first three robustly detected (see §3.6 and §4.2). The simple 707

molecules identified are CH4, SO2, and HCOOH. Additionally, 708

we found a good match of two ions, HCOO− and OCN−. Be- 709

cause of the contribution of HCOO− with similar intensities at 710

7.2 and 7.4 µm, we stress that these two bands are not only asso- 711

ciated with COMs. 712

The band around 7.68 µm was clearly visible in previous ice 713

observations (e.g., Gibb et al. 2004; Öberg et al. 2008), and is 714

now seen in JWST spectra with unprecedented S/N and spec- 715

tral resolution. CH4 ice is the main carrier of this feature, and 716

Öberg et al. (2008) suggests that SO2 can contribute to the blue 717

wing of this band based on a Gaussian decomposition of the 718

7.68 µm feature. In the present work, this band is decomposed 719

into four components, with CH4 mixed with H2O the dominant 720

carrier. This is in line with laboratory experiments suggesting 721

a common formation pathway for CH4 and H2O ices (Qasim 722

et al. 2020). The blue wing has contributions of SO2 mixed with 723

CH3OH, and the negative cyanate ion (OCN−) for both sources. 724

The red wing of this band can be fitted with CH3COOH in the 725

case of IRAS 2A but is not present in IRAS 23385. A good cor- 726

relation in ice column density between sulfur-bearing molecules 727

and methanol was observed before by Boogert et al. (1997) and 728

Boogert et al. (2022). OCN− is one of the ions formed from 729

molecules engaged in acid-base reactions, and it has a band at 730
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Fig. 6. ENIIGMA fits of IRAS 23385 (top) and IRAS 2A (bottom). Gas-phase lines are masked. The figure labels show the ice mixture used in the
fits, and a simplified version with the names of the chemical species names is shown close to the bands. The corresponding temperature of these
laboratory spectra ranges between 10 K and 15 K.

7.63 µm, in addition to its well-known feature at 4.61 µm, com-731

monly seen towards protostars. In fact, recent observations of732

IRAS 2A with the JWST/Near-Infrared Spectrometer (NIRSpec)733

detect the 4.61 µm band, thus confirming the presence of OCN−734

in the ices towards IRAS 2A as part of the JOYS program. The735

analysis of the NIRSpec data of this source will be presented in 736

a future paper, but we calculate the ice column density of OCN− 737

at 4.61 µm to check the consistency of the fit in the mid-IR (see 738

Section 4.3). As a result, the blue wing of the 7.68 µm feature is 739

composed both by SO2 and OCN−. We also note that OCN− in 740
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both sources has a similar intensity, whereas SO2 is stronger in741

IRAS 2A.742

Protostar observations in the mid-IR show the 7.2 and 7.4 µm743

features with similar strengths across a number of sources,744

which suggests the dominance of a single species. In fact, we745

find that the formate ion, initially proposed by Schutte et al.746

(1999), matches well the 7.2 and 7.4 µm bands of IRAS 2A and747

IRAS 23385. This ion is formed by the acid-base reaction of748

H2O:NH3:HCOOH (100:2.6:2) ice mixture at 14 K (Gálvez et al.749

2010). The intensity of the formate ion in IRAS 2A is a factor of750

three stronger than in IRAS 23385. In Appendix H, we compare751

the 7.2 and 7.4 µm band with the formate ion at other tempera-752

tures. The formate ion spectrum at 150 K has a broader profile at753

7.4 µm, whereas laboratory data at 210 K shows a strong feature754

at 7.3 µm that is not observed in either source. Thus, the 7.2 and755

7.4 µm features are a signature of ices dominated by ions in cold756

regions. Our results also show that despite HCOO− being the757

main carrier of the 7.2 and 7.4 µm bands, other components can758

contribute to these two features separately as discussed below.759

The presence of HCOO− in the ice is supported by the de-760

tection of HCOOH at 8.2 µm, in addition to its band at 5.8 µm.761

The best fit is found when formic acid is mixed with CH3OH and762

H2O as suggested by Bisschop et al. (2007). The lower intensity763

of formic acid in IRAS 23385 can be related to the nature of the764

source. At warmer temperatures (>50 K), HCOOH is more ef-765

ficiently destroyed via an acid-base reaction (e.g., Schutte et al.766

1999; Gálvez et al. 2010). Another possibility is that HCOOH767

was not efficiently formed in this high-mass source because768

of the lower amount of CO ice available in a high-mass star-769

forming region.770

CH3CH2OH is detected in both protostars through the ab-771

sorption of four vibrational modes at 6.8−7.15 µm (C−H772

stretch), 7.25 µm (CH3 s-deformation), 7.4-7.7 µm (OH de-773

formation) and at 7.85 µm (CH2 torsion). Among the ethanol774

data tested, the mixture with H2O provides the best fit. Ethanol775

is stronger and contributes significantly to the 7.2 µm band in776

IRAS 23385, whereas it is less prominent in IRAS 2A.777

CH3CHO shows weak absorption around 7.03 µm (C−H778

stretch), and at 7.41 µm (CH3 s-deformation/CH wagging).779

These bands are stronger in IRAS 2A than in IRAS 23385. Ex-780

perimental characterization of the CH3 s-deformation/CH wag-781

ging shows a strong dependence on the chemical environment782

and temperature (Terwisscha van Scheltinga et al. 2018). The783

closer match with both protostars is for acetaldehyde mixed with784

H2O ice, which has a peak at 7.41 µm. The observed band, how-785

ever, has a peak at 7.38 µm, indicating other carriers for this band786

(e.g., HCOO−).787

CH3OCHO is observed in both sources around 8.2 and788

8.6 µm, but with different spectral shapes and intensities. In789

IRAS 23385, the methyl formate band is better fitted by a mix-790

ture with methanol at 15 K, although the data at 30 and 80 K are791

also statistically likely (see Section 4.2.3). Other methyl formate792

mixtures do not exhibit such an asymmetric profile, which makes793

them unlikely to be the carrier of this band (see Section 5.1.1).794

While the shape of the 8.2 µm is well defined, this is not the795

case for the 8.6 µm band, which is affected by saturation due796

to the strong silicate feature. In IRAS 2A the bands at 8.2 and797

8.6 µm are consistent with a mixture containing CO, H2CO, and798

CH3OH. This ice mixture of CH3OCHO also fits well the 8.0 µm799

band associated with H2CO.800

CH3COOH is found to fit well to the IRAS 2A spectrum, but801

not that of IRAS 23385. In addition, a better match with the ob-802

servations is found for acetic acid mixed with H2O ice. The two803

identified bands are located at 7.3 and 7.7 µm (salmon colour in804

Figure 6, bottom). Specifically, the 7.7 µm band in IRAS 2A has 805

a broad profile that is more than just CH4 and it is necessary to fit 806

the absorption excess around this region without strong overlap 807

between 7.7 and 7.85 µm. The 7.3 µm is slightly over-estimated 808

in the fits, because of the amount of absorption needed to fit the 809

7.7 µm band. This can be because of the SO2 emission lines sub- 810

traction around 7.3 µm or the uncertainties involved in the local 811

continuum choice around the 7.7 µm band. 812

The robustness of these detections based on the difference 813

in local continuum choice is discussed in Section 4.2.4 for 814

IRAS 2A, the higher S/N source. 815

4.2. Statistical analysis 816

4.2.1. Confidence intervals 817

We derive the confidence intervals (see Section 3.5) of the fits 818

for IRAS 23385 and IRAS 2A in three different ranges sepa- 819

rately: (i) 6.85−7.5 µm, (ii) 7.5−7.8 µm and (iii) 7.8−8.6 µm. 820

The components in these three ranges are relatively isolated, and 821

therefore their contribution in one given interval is kept constant 822

when analysing other ranges. 823

In Figure 7, we show the confidence intervals for the fit 824

of IRAS 2A in the range between 7.5 and 7.8 µm. The yel- 825

low and red contours indicate 2σ and 3σ confidence intervals. 826

Based on these contours, one can note that all components, but 827

CH3CH2OH, are required to fit IRAS 2A. In this particular spec- 828

tral range (7.5 and 7.8 µm), only a small portion of CH3CH2OH 829

spectrum at 7.5 µm contributes to the absorption. Therefore, the 830

confidence interval analysis shows that CH3CH2OH is not cru- 831

cial to fit the 7.5 and 7.8 µm. The contribution of CH3CH2OH 832

in IRAS 2A is better evaluated using the range between 6.86 833

and 7.5 µm, which is shown in Appendix I. In Figure I.1 (top), 834

the CH3CH2OH:H2O is not zero, which reinforces the idea that 835

CH3CH2OH is robustly found in IRAS 2A. Another impor- 836

tant result from Figure 7 is that SO2 (w1) and OCN− (w3) 837

are both required to fit IRAS 2A since their coefficients can- 838

not be zero. Finally, CH3COOH:H2O cannot be excluded as a 839

solution based on this statistical analysis. Further analysis of 840

the 6.86−7.5 µm range allows us to conclude that CH3CHO, 841

HCOO−, and HCOOH are also robust detections. In addition 842

to these chemical species, Figure I.1 (bottom) also shows that 843

CH3COOH cannot be excluded from the fit obtained with one 844

specific continuum subtraction. More details for CH3COOH are 845

presented in Section 4.2.4. The analysis of the spectral range be- 846

tween 7.8 and 8.6 µm, shows that another COM, CH3OCHO is 847

also a robust detection in IRAS 2A spectrum. 848

A similar analysis is performed for IRAS 23385 (Figures I.2 849

and I.3). For the range between 7.5 and 7.8 µm, CH4 and 850

OCN− are essential, whereas SO2 can be statistically not re- 851

quired due to the low S/N in IRAS 23385 spectrum. Likewise, 852

the analysis of the 6.86−7.5 µm range shows that CH3CH2OH, 853

CH3CHO and HCOOH are robust detections, whereas the for- 854

mate ion (HCOO−) absorption may be explained by CH3CH2OH 855

or HCOOH ice features. For the 7.8−8.6 µm interval, both 856

HCOOH and methyl formate (CH3OCHO) are robust detections. 857

4.2.2. Recurrence of the ice components 858

A complementary statistical analysis is performed on the recur- 859

rence of all solutions within a given confidence interval. The 860

difference in this method is that we do not vary the coefficient 861

values of each solution, but the laboratory data instead. Figure 8 862

(top) shows the recurrence of the IRAS 2A fit of 15 chemical 863
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Fig. 7. Corner plots showing the IRAS 2A coefficient confidence inter-
vals for the range between 7.5 and 7.8 µm. The grey scale colour is the
∆χ2 map derived from a total of 5000 values. Yellow and red contours
represent 2 and 3σ significance, respectively.

species inside 3σ confidence interval and considering several864

solutions. This analysis indicates that the COMs providing the865

best fits (see Figure 6), are the most recurrent in the bar chart866

(87.5% ≤ R ≤ 100%), and therefore cannot be excluded as a867

solution. Other chemical species, such as CH3NH2, CH3OCH3,868

NH2CHO, HCOCH2OH and CH3COCH3, some of which have869

been suggested previously to contribute in this range, have a re-870

currence lower than 50%. This is not sufficient to claim a firm871

detection and at best upper limits can be derived.872

The reason that formamide and acetone are not part of the873

global fit is that the formate ion band shape dominates the ab-874

sorption profile at 7.2 and 7.4 µm. In addition, acetic acid and875

ethanol also contribute to these two absorption profiles. In the876

cases of methylamine and dimethyl ether, the fits indicate that877

methyl formate contributes more to the 8.5−8.6 µm range.878

The same analysis is done for IRAS 23385, shown in Fig-879

ure 8 (bottom). Since the MIRI data for this source have a880

lower S/N compared to IRAS 2A, there exist slightly more varia-881

tions among the recurrence values. The components found in the882

global fit have a recurrence above 85%, whereas other COMs883

are recurrent by ∼40% or less. Interestingly, CH3COOH does884

not participate in any of the solutions tested because OCN− and885

CH3CH2OH account for all the absorption around 7.7 µm.886

4.2.3. Temperature degeneracy887

Despite the well-known changes in the band profiles of astro-888

physical ices with temperature, there are some absorption fea-889

tures that barely vary with temperature. Consequently, the fitting890

routine is not able to distinguish between these data. Rocha et al.891

(2021) show that when data that is known to provide a good fit is892

arbitrarily removed from the database, the ENIIGMA fitting tool893

uses another data of the same species, but with similar temper-894

IRAS 23385

IRAS 2A

N
ot

 p
re

se
nt

Fig. 8. Bar plot showing the recurrence of the difference chemical
species to the fit in IRAS 2A (top) and IRAS 23385 (bottom). Recur-
rences above 50% are considered essential to the fit and robust detec-
tion. CH3COOH in IRAS 23385 does not occur in any of the solutions.
In the case of IRAS 2A (top panel) we present hatched bars that show
the recurrence of the solutions if the errors in optical depth are increased
by a factor of three.

ature when possible. This slightly increases the fitness function 895

value, but the fit is still good within the confidence intervals. In 896

this section, we perform a statistical analysis to evaluate which 897

temperature ranges are degenerate and provide a good fit, from 898

those temperature ranges that can be excluded as a solution. 899

Figure 9 shows the recurrence plots for CH3CH2OH, 900

CH3CHO and CH3OCHO in IRAS 2A and CH3OCHO in 901

IRAS 23385 for different temperatures settings available. The 902

analysis of CH3CH2OH and CH3CHO is not performed for 903

IRAS 23385 because of the low S/N in the spectral range consid- 904

ered for the fits. To calculate the recurrence plot for these COMs, 905

we selected the solutions that are ranked inside a 3σ confidence 906

interval. For example, in the case of CH3CH2OH, we found 352 907

solutions where ethanol is present. The ethanol mixture at 15 K 908

is present in all of these solutions, and therefore it has a recur- 909

rence of 100%. There are solutions that combine the low tem- 910

perature (15%) ethanol mixture with other temperatures (e.g., 911

30, 70, 100 K). Because of the similarity of the ethanol bands 912

in the fitted range, the recurrence of these additional ethanol 913

data is slightly reduced, but still high. For the data at 150 and 914

160 K, there are around 70 solutions using one of these data, 915

which gives a recurrence of ∼20%. Another way to perform the 916

same analysis is by using the best global solution as the initial 917

guess and running new fits by replacing the IR spectra of spe- 918

cific COMs at different temperatures. This forces ENIIGMA to 919

use only one CH3CH2OH data at a time, and prevents overlaps 920

of data with similar spectral shapes. For ethanol, we obtain a to- 921

tal of 9 solutions if the presence of the other components is fixed. 922

In this case, the temperature range between 15 and 100 K has a 923

recurrence of 100%, and the higher temperatures, have a recur- 924
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Fig. 9. Bar plot showing the recurrence of the same ice mixture, but at
different temperatures. Plots inside the blue and green polygons refer to
IRAS 2A and IRAS 23385, respectively.

rence of 0%. In the case of ethanol, IR spectra with temperatures925

below 100 K are degenerate, and all CH3CH2OH:H2O mixtures926

fit IRAS 2A in that temperature range. Above 120 K, the ethanol927

ice mixture no longer fits the IRAS 2A spectrum well because of928

band broadening and shift.929

Repeating the same procedure for the other species, we930

notice a similar behaviour. The fits with acetaldehyde in931

IRAS 2A are degenerate below 30 K. Above this temperature,932

CH3CHO:H2O ice mixtures do not offer likely solutions mostly933

because of band shift. The fits with methyl formate are degener-934

ated below 50 K in IRAS 2A. At higher temperatures, some sub-935

structures arise in the CH3OCHO spectrum that deviates from936

the observational data. Similarly, in IRAS 23385, methyl for-937

mate is degenerated below 50 K, whereas solutions at 80 K and938

above are less recurrent because of changes in the band profile.939

In conclusion, it is likely that most of the ices towards IRAS 2A940

and IRAS 23385 are located in regions with temperatures below941

50 K.942

4.2.4. Robustness of detection based on different local943

continuum choices944

Other local continuum fits for IRAS 2A (higher S/N) in the 6.8-945

8.6 µm region are also investigated and presented in Appendix J.946

The first three panels of Figure J.1 display different continuum947

profiles, where the top panel is the version adopted for the analy-948

sis in this paper that traced a third-order polynomial to the guid-949

ing points. The second panel displays the fourth-order polyno-950

mial where the red dot is added to the guiding points. In this951

case, the continuum is slightly elevated at shorter wavelengths952

to accommodate the fit to the extra point at 8.5 µm. The third953

panel presents the continuum when two extra points are added954

(λ = 7.8 µm and 8.5 µm), and a sixth-order polynomial is used. 955

All subtracted spectra using these three approaches are shown 956

in the bottom panel of Figure J.1. The major difference is seen 957

in the last case (orange continuum), which completely removes 958

any absorption excess at 7.8 µm, thus excluding any band at this 959

wavelength. 960

Given the variability of the optical depth spectra of IRAS 2A 961

between 6.8−8.6 µm with the choice of the local continuum, it is 962

worth accessing the robustness of the detections reported in the 963

previous sections considering other continuum profiles. This is 964

shown in Figure J.2 . Figure J.2 top presents the new fit assuming 965

the red continuum profile (inset panel) from Fig J.1. This spectral 966

fit remains good and all components found in the best fit are still 967

present. The only issue is found at 8.5 µm (added guiding point) 968

where the CH3OCHO band is slightly over-predicted. This situ- 969

ation changes when the orange continuum is used to isolate the 970

absorption features in IRAS 2A. The bottom panel of Figure J.2 971

depicts a fit where CH3COOH is no longer needed because of 972

the guiding point at 7.8 µm to trace the local continuum. In this 973

version of the fit, the HCOO− and OCN− components become 974

much stronger than in the other cases, and the COMs bands are 975

reduced by a factor between 1.5−2.0. A clear mismatch is seen 976

around 7 µm because of the reduction of the COM bands. Also, 977

there is more excess around 7.3 µm that is not fitted with the 978

other COMs tentatively detected in this work (see Section 4.4). 979

This analysis reinforces that the detections of CH3CHO, 980

CH3CH2OH and CH3OCHO, as well as the ions and the simple 981

molecules, are robust and do not depend on the local continuum 982

choice. Clearly, the only exception is for CH3COOH. However, a 983

valid question is what other chemical species would create an ab- 984

sorption profile similar to the orange continuum. There is no triv- 985

ial answer to this question. A tentative explanation comes from 986

the five components decomposition from Boogert et al. (2008), 987

in which only the C5 broad feature contributes to the 7.8 µm. 988

The nature of the C5 component is not well understood and can 989

be related to a flat profile of high-temperature H2O ice bending 990

mode, the overlap of other negative ions (HCO−3 , NO−3 , NO−2 ) 991

or organic refractory residue produced by energetic processing. 992

The flatter bending mode would have little absorption at 7.8 µm 993

and therefore is less likely, but the other two options are strong 994

candidates. 995

4.3. Ice column densities and abundances 996

The column densities of the molecules fitting the 6.8−8.6 µm 997

range are presented in Table 2. To derive their abundances with 998

respect to H2O ice, we use the libration band around 12 µm to 999

calculate the water ice column density as shown in Appendix K. 1000

These abundances are compared to literature values for low- and 1001

high-mass protostars. In Section 5.3 we also show abundances 1002

with respect to CH3OH ice, in which the method to derive the 1003

column density is demonstrated in Appendix K. 1004

The ice abundances of CH4, SO2, OCN−, HCOO− and 1005

HCOOH are within or close to the range expected for LYSOs 1006

and MYSOs. From the analysis in this paper, CH4, SO2, OCN− 1007

compose the band around 7.67 µm, whereas previous works as- 1008

signed this band to only CH4, with a possible contribution of SO2 1009

(Öberg et al. 2008). Additionally, instead of using Gaussian pro- 1010

files to derive the column densities, this paper uses laboratory 1011

data of CH4:H2O and SO2:CH3OH. Gaussian profiles provide 1012

first-order approach analysis of the profile of the ice bands, but 1013

they can under or overestimate the FWHM of real CH4 and SO2 1014

bands. 1015
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Table 2. Ice column densities and abundances with respect to H2O ice towards IRAS 2A and IRAS 23385. These values are compared to literature
values for other objects.

Specie Nice (1017 cm−2) XH2O (%) Literature (% H2O)

IRAS 2A IRAS 23385 IRAS 2A IRAS 23385 LYSOs MYSOs Comet 67P/C-Gm

H2O? 300±12 158±36 100 100 100 100 100

CH4
? 4.9±7.5

3.2 5.2±6.8
4.3 1.6 3.3 <3a 1−11b 0.340±0.07

SO2
? 0.6±1.9

0.4 0.2±0.7
0.0 0.2 0.1 0.08−0.76a < 0.9−1.4b 0.127±0.100

HCOOH? 3.0±5.3
1.7 1.8±2.7

1.3 1.0 1.1 < 0.5−4c < 0.5−6d 0.013±0.008

CH3OH? 15, 23† ... 5.0, 7.6 ... < 1−25d < 3−31d 0.21±0.06

CH3CHO? 2.2±2.8
1.4 0.7±1.1

0.4 0.7 0.4 ... <2.3e 0.047±0.017

CH3CH2OH? 3.7±4.5
0.5 2.9±4.1

1.9 1.2 1.8 ... <1.9e 0.039±0.023

CH3OCHO? 0.2±0.4
0.1 1.1±1.3

1.0 0.1 0.7 <2.3 f ... 0.0034±0.002

CH3COOH‡ 0.9±1.3
0.6 0.0 0.3 0 ... ... 0.0034±0.002

HCOO−? (7.4 µm) 1.4±2.4
0.4 0.3±0.5

0.1 0.4 0.2 ∼0.4g <0.3−2.3b ...

OCN−? 3.7±6.6
3.3 0.9±1.7

0.6 1.2 0.6 < 0.1−1.1h 0.04−4.7i ...

H2CO‡ 12.4±19.7
6.6 ... 4.1 ... ∼6g ∼2−7b 0.32±0.1

Upper limits

CH3NH2 < 4.1 ... < 1.4 ... < 16 j < 3.4 j ...

CH3OCH3 < 2.5 ... < 0.8 ... ... ... 0.039±0.023

CH3COCH3 < 1.1 ... < 0.4 ... ... ... 0.0047±0.0024

HCOCH2OH < 0.9 ... < 0.3 ... ... ... 0.0034±0.002

CH3CN < 5.0 ... < 1.6 ... < 4.1k < 3.4k 0.0059±0.0034

NH2CHO < 1.3 ... < 0.4 ... < 3.7l < 2.1l 0.0040±0.0023

Glycine < 0.1−0.6 ... < 0.03−0.2 ... ... ∼0.3b ...

Notes. aÖberg et al. (2008), bGibb et al. (2004), cÖberg et al. (2011), dSchutte et al. (1999), eTerwisscha van Scheltinga et al. (2018), f Terwisscha
van Scheltinga et al. (2021), gBoogert et al. (2008), hvan Broekhuizen et al. (2005), iBoogert et al. (2022), jRachid et al. (2021), kRachid et al.
(2022), lSlavicinska et al. (2023), mRubin et al. (2019). † The CH3OH ice column density is considered a factor of 2 and 3 higher than the Gaussian
fit shown in Figure K.2 because of the band saturation. ?Chemical species with secure detection. ‡Tentative detections. CH3COOH depends on the
local continuum choice. H2CO is based on a single band of this molecule mixed in the ice with other CO, CH3OH and CH3OCHO.

In the case of OCN−, we derived ice column densities and1016

abundances from the band at 7.62 µm for IRAS 2A. For con-1017

sistence, we also calculated the ice column from the NIRSpec1018

feature at 4.61 µm, which is 2.5×1017 cm−2. Both values are con-1019

sistent within the errors, and they result in OCN− abundances in1020

agreement with the range estimated in the literature for low-mass1021

protostars (van Broekhuizen et al. 2005). For IRAS 23385, the1022

OCN− abundance calculated from the MIRI data is within the1023

range found in MYSOs taken from Boogert et al. (2022).1024

Finally, the formic acid (HCOOH) and the formate ion1025

(HCOO−) abundances are closely aligned with the literature val-1026

ues for both LYSOs and MYSOs. In the case of the formate ion1027

in LYSOs, there is only one estimate in the literature for the low-1028

mass protostar HH 46 IRS, which is similar to the abundance cal-1029

culated for IRAS 2A. The ratios between HCOO− and HCOOH1030

are 0.46 and 0.16 for IRAS 2A and IRAS23385, respectively.1031

For the COMs, we derive ice column densities and abun-1032

dances for CH3CHO, CH3CH2OH, CH3OCHO and CH3COOH.1033

In terms of ice abundance with respect to H2O ice, IRAS 2A1034

is more abundant in CH3CHO by a factor of 1.75 compared to1035

IRAS 23385. CH3COOH is not detected in IRAS 23385, but has1036

an estimated abundance of 0.3% in IRAS 2A. CH3CH2OH and 1037

CH3OCHO are more abundant in IRAS 23385 by a factor of 1038

1.5 and 7, respectively, compared to IRAS 2A. We note that the 1039

CH3CH2OH abundance for IRAS 23385 is in line with the upper 1040

limit derived from the high-mass protostar W33A (Terwisscha 1041

van Scheltinga et al. 2018). The other ice abundances are con- 1042

sistent with the upper limits derived in the literature, illustrating 1043

that JWST can now probe deeper than previous instruments. 1044

With respect to CH3OH ice, the abundances are be- 1045

tween 9.3−14.6% for CH3CHO, 16.1−24.6% for CH3CH2OH, 1046

0.9−1.3% for CH3OCHO and 3.9−6.0% for CH3COOH, de- 1047

pending on the lower and higher CH3OH listed in Table 2. The 1048

values are much lower than the upper limits derived in the litera- 1049

ture (Terwisscha van Scheltinga et al. 2018) for CH3CHO (52%) 1050

and for CH3CH2OH (42%). 1051
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Fig. 10. IR spectra of COMs not contributing to the global fit, but with
absorption features in the range between 6.8 and 8.6 µm. These spectra
are scaled to the IRAS 2A spectrum (black) to derive upper limit column
densities. The vertical dotted lines are colour-coded and indicate the
features used to derive the ice column densities. A small horizontal shift
in the vertical lines is used to distinguish the bands at 7.3 µm.

4.4. Tentative detections and upper limits on column1052

densities1053

A few COMs were not part of the global solution shown in1054

Figure 6. In this case, we perform a separate comparison of1055

these data to check for tentative detections and derive upper1056

limit column densities in IRAS 2A. This procedure is not ap-1057

plied to IRAS 23385 due to the low signal-to-noise ratio. For1058

this step, we scale laboratory spectra of COMs at specific wave-1059

lengths to the MIRI spectrum. This allows us to take into ac-1060

count both the intensity and width of the IR ice band. We per-1061

formed separate scaling for COMs that have overlaps of the1062

IR features. The molecules used in this step are CH3OCH3,1063

CH3COCH3, HCOCH2OH, NH2CHO, CH3NH2 and CH3CN1064

mixed with H2O ice. Figure 10 shows the COMs spectra su-1065

perposed to the IRAS 2A MIRI data, with upper limit column1066

densities also listed in Table 2. To scale CH3OCH3, we use the1067

CH3-rock mode at 8.6 µm as a reference. This band has also1068

contributions of ammonia and methyl formate. CH3COCH3 and1069

CH3CN have a CH3 symmetric deformation mode at ∼7.3 µm,1070

and HCOCH2OH a CH2 deformation mode at the same position.1071

Both CH3COCH3 and CH3OCH3 may contribute to the band1072

at 8.1 µm due to the CCC asymmetric stretch. In the case of1073

CH3NH2, we use the CH3-rock mode at 8.5 µm as a reference,1074

whereas the C−H bend at 7.2 µm is considered for NH2CHO.1075

Finally, we also check the potential presence of solid-phase1076

glycine, the simplest amino acid, in the spectrum of IRAS 2A.1077

In Ioppolo et al. (2021), the solid-state formation of this sim-1078

plest amino acid was proven. Glycine has many absorptions fea-1079

tures in the IR, and the ωCH2 mode at 7.46 µm is the strongest1080

band of β-glycine. Depending on the glycine structure (e.g., neu-1081

tral - NH2CH2COOH or zwitterion - NH+
3 CH2COO−), the po-1082

sition of this band may shift (Potapov et al. 2022) or be nar-1083
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Fig. 11. Comparison of the ωCH mode of glycine IR spectrum (red)
with local subtracted spectrum of IRAS 2A (black). The intensities of
the glycine band are given for three ice column densities.

rowed if the molecule is mixed in an argon sample (Ehrenfre- 1084

und et al. 2001). In this paper, we use the zwitterionic form 1085

(NH+
3 CH2COO−; Pilling et al. 2011), which is available in the 1086

UNIVAP database4. In Figure 11, we compare the local sub- 1087

tracted spectrum around the 7.46 µm band with the β-glycine 1088

data at three different column densities. We use the band strength 1089

from Holtom et al. (2005) of the 7.46 µm band, calculated as 1090

1.16 × 10−17 cm molecule−1. This range of column densities is 1091

compatible with Gibb et al. (2004) who estimated an upper limit 1092

glycine column density of 3 × 1016 cm−2, based on the absorp- 1093

tion feature around 5.8 µm band. With respect to H2O ice, we 1094

find an upper limit of between 0.03−0.2% (See Section 4.3 and 1095

Table 2). This is close to the upper limit derived for W33A (<0.3; 1096

Gibb et al. 2004), and in agreement with the theoretical models 1097

(0.03−0.7%; Ioppolo et al. 2021). 1098

4.5. Testing more complex alcohols and other molecules 1099

In this section, we compare the IRAS 2A spectrum with two 1100

other alcohols more complex than CH3CH2OH, for instance, 1101

propanal (CH(O)CH2CH3) and 1-propanol (CH3CH2CH2OH). 1102

The goal is to check for similarities and differences between the 1103

functional groups of these alcohols with ethanol since these more 1104

complex alcohols are expected to have features at similar loca- 1105

tions. It is worth mentioning that propanal and 1-propanol have 1106

been synthesized in experiments with ice analogues (Qasim et al. 1107

2019) using atom addition reactions, and in the case of propanol, 1108

via CH3OH ice UV irradiation (Tenelanda-Osorio et al. 2022). 1109

Both propanal (starless core TMC-1; Agúndez et al. 2023) and 1110

propanol (Galactic Centre; Belloche et al. 2022; Jiménez-Serra 1111

et al. 2022) have been securely detected in the gas phase. Fig- 1112

ure 12 shows that these three alcohols have absorption features 1113

around 6.8, 7.2 and 7.5 µm. However, the relative intensities 1114

among these bands for these three molecules are different. For 1115

example, ethanol has similar intensities at these three bands, 1116

whereas 1-propanol and propanal have different intensities by 1117

factors of 3−4. In the case of 1-propanol, the fit of the 7.2 µm 1118

band would require twice more absorption at 6.8 µm than ob- 1119

served in IRAS 2A. On the other hand, propanal could con- 1120

tribute to the blue wing of the 7.2 µm band. We highlight, how- 1121

ever, that in addition to HCOO−, NH2CHO can also contribute 1122

4 http://www1.univap.br/gaa/nkabs-database/S3.txt
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Fig. 12. Experimental IR spectra of ethanol, propanal and propanol
compared to IRAS 2A spectrum in the range between 6.8−8.6 µm. The
grey area is not considered in the fits, but it is shown here to highlight the
C−H stretching mode of these molecules. For better readability of this
figure, the gas-phase emission lines between 6.8−7.2 µm are masked.

to the same absorption feature (see Section 4.4 and Figure 10).1123

Another caveat is that both 1-propanol and propanal IR spectra1124

correspond to pure molecules, and therefore spectral differences1125

because of the chemical environment are not perceived in this1126

analysis.1127

Other than alcohols, hydrocarbons may also contribute to the1128

7.2 and 7.4 µm bands. In Appendix L, we show a comparison of1129

IRAS 2A spectrum with pure C2H2, C2H4 and C2H6 around the1130

7 µm bands and beyond 11 µm. As a result, it can be seen that1131

C2H2 and C2H6 could contribute to the red wing of the 7.2 µm1132

band. However, their absorption bands longwards of 11 µm ex-1133

ceed the absorption profile in IRAS 2A. Based on these com-1134

parisons, the statistical analysis, and different choices for the1135

silicate (Figure B.1) and local continuum (Figure J.1) we can1136

conclude that CH3CH2OH is the alcohol that contributes most to1137

the 7.2 µm band in addition to HCOO−. The systematic analysis1138

of additional high S/N MIRI data is necessary to obtain robust1139

constraints of larger COMs.1140

5. Discussion1141

In this section, we discuss the implications of our results from1142

the analysis of the 6.8−8.6 µm region in a low- and high-mass1143

source. This discussion is focused on the presence of simple1144

and neutral species (CH4, SO2, HCOOH, H2CO), simple and1145

ionic species (OCN−, HCOO−), and complex organic molecules1146

(CH3CHO, CH3CH2OH, CH3OCHO, CH3COOH). This section1147

ends with a direct comparison between the ice abundances in1148

the low-mass protostar, IRAS 2A, and the ice bulk abundances1149

in comet 67P/G-C. The goal of this comparison is to evaluate1150

the COM inheritance scenario in solar-type protostellar environ-1151

ments. Because of this, we do not perform the same comparison1152

with IRAS 23385.1153

5.1. Chemical complexity of protostellar ices1154

In this work, we expand the COMs ice inventory by reporting1155

the detection of at least two vibrational modes of COMs frozen1156

in protostellar ices. We consider secure detections in the cases of1157

CH3CHO, CH3CH2OH, and CH3OCHO. CH3COOH also has 1158

two vibrational modes and a high recurrence in the degeneracy 1159

analysis of IRAS 2A. However, its presence depends on silicate 1160

subtraction and local continuum determination and therefore it 1161

is considered a tentative detection. This series of molecules are 1162

chemically related and strongly supports laboratory experiments 1163

and computational simulations that suggest COMs formation in 1164

the solid phase. We also note that all these COMs are commonly 1165

detected in the gas phase in hot core sources and are among the 1166

most abundant ones (e.g., Chen et al. 2023). A detailed compar- 1167

ison between gas and ice abundances is left to a future paper 1168

(Chen et al. in prep.). Below we discuss particular aspects of the 1169

COMs solid phase detections reported in this work. 1170

5.1.1. A polar ice environment 1171

In both protostars, the CH3CHO, CH3CH2OH, and CH3COOH 1172

(continuum-dependent) molecules are diluted in a polar envi- 1173

ronment (i.e., molecules with high dipole moment), in partic- 1174

ular, dominated by H2O ice. In the general case where H2O 1175

is the major ice component, this means that COM features are 1176

under the strong influence of the water ice polarity. In Fig- 1177

ure 13, we compare the MIRI observations with the band shape 1178

of three COMs in the best fit, the same COMs in an apolar 1179

ice matrix, for instance, mixed with CO ice, and finally, in a 1180

CH3OH-rich environment. CH3CH2OH mixed with H2O band 1181

shape at 7.25 µm agrees better with the data than the mixture 1182

with CO that has narrow and separate bands compared with the 1183

observations of IRAS 2A and IRAS 23385. In the case of the 1184

IRAS 2A observations, which has a higher signal-to-noise ra- 1185

tio, CH3CH2OH:CO could, potentially, contribute to faint fea- 1186

tures at 7.16 and 7.29 µm. However, this particular ice mixture 1187

is not part of the possible solutions selected by the ENIIGMA 1188

code. If present, it would have an ice column density one or- 1189

der of magnitude lower than ethanol mixed with water ice. The 1190

other mixtures with CH3OH are less recurrent because of the nar- 1191

row 7.2 µm and the stronger 7.5 µm that in the global fit makes 1192

the 7.2 µm less prominent. In the case of CH3CHO, the apolar 1193

mixture (CH3CHO:CO) makes the CH3 deformation mode nar- 1194

row by a factor of 2 and red-shifted by 0.02 µm. In the case of 1195

CH3OH-rich mixtures, the peak is red-shifted by 0.03 µm and 1196

the feature is broader. 1197

This result does not necessarily contradict laboratory exper- 1198

iments that show that COMs are formed via hydrogenation of 1199

CO molecules (e.g., Fuchs et al. 2009) and C atoms (Fedoseev 1200

et al. 2022), as well as that a fraction of CH3OH ice is mixed 1201

with CO (Cuppen et al. 2011). Instead, it points towards a strong 1202

effect of H2O ice on the spectral IR bands of COMs. Moreover, 1203

results from the JWST-Ice Age program (McClure et al. 2023), 1204

suggest that a fraction of CH3OH, the most abundant COM, co- 1205

exists with H2O in the same ice matrix in cold prestellar clouds. 1206

This can be linked to another formation scheme, CH4 + OH, as 1207

studied by Qasim et al. (2020). Regardless of whether CH3CHO 1208

and CH3CH2OH reside in a H2O- or CH3OH-rich ice, the im- 1209

portant message is that the IR band shapes that resemble better 1210

the observations are induced by a polar environment. 1211

Finally, CH3OCHO seems to be primarily mixed with an- 1212

other polar environment that includes CH3OH instead of H2O. 1213

The spectral shape of CH3OCHO mixed with H2O has a broader 1214

profile centred at 8.1 µm which does not match well the ob- 1215

servations. From the degeneracy analysis of IRAS 23385, it is 1216

not completely excluded as a solution, but in the global fits, the 1217

presence of HCOOH discards this component as part of the fit. 1218

The mixture with CO creates a sharp peak at 8.25 µm that devi- 1219
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Fig. 13. Comparisons between the IR spectra of COMs in different ice
matrices with the observed bands of IRAS 2A (top) and IRAS 23385
(bottom). The green checkmarks indicate the data providing the best
fit. Excluded data are given by the red cross. Data not part of the best
fit and with lower recurrence are indicated by the yellow triangle. The
term “polar” in the right panels refers to CO:H2CO:CH3OH and it is the
original label published in Terwisscha van Scheltinga et al. (2021).

ates from the observations. The differences between the chem-1220

ical environment of CH3CH2OH and CH3CHO compared to1221

CH3OCHO could indicate that methyl formate in IRAS 233851222

may have experienced a physical process different from those in1223

IRAS 2A. We discuss this possibility below in Section 5.1.2.1224

5.1.2. Evidence of ice thermal processing?1225

Among the ice features identified in this work, CH3OCHO has1226

different spectral shapes in IRAS 2A and IRAS 23385, regard-1227

less of the local continuum choice. While the fit of the IRAS 2A1228

spectrum contains CH3OCHO mixed with CO:H2CO:CH3OH,1229

in IRAS 23385, the CH3OCHO mixed with CH3OH provides1230

the best fit, and excludes other solutions (see right panels in Fig-1231

ure 13). A possible cause for this difference can be due to ther-1232

mal processing, in particular ice distillation. In this process, the1233

most volatile species desorbs from the ice while other species1234

with higher sublimation temperatures remain. For example, dur-1235

ing the CH3OH formation via CO hydrogenation (e.g., Watan-1236

abe & Kouchi 2002; Fuchs et al. 2009) both CH3O and HCO1237

are formed (e.g., Chuang et al. 2016; Garrod et al. 2022; Chen1238

et al. 2023), leading to CH3OCHO. H2CO is also an intermedi-1239

ate step towards the CH3OH formation. In a trivial situation, it1240

is expected that at low temperature (< 30 K) CH3OCHO should1241

be mixed with CO, H2CO and CH3OH, the exact components of1242

the ice mixture used to fit the IRAS 2A spectrum. When this ice1243

is warmed up to 50-100 K, CO ice is fully desorbed and H2CO1244

is partially desorbed, and the ice would be composed mostly of1245

CH3OCHO and CH3OH. Because of the low S/N spectrum of1246

IRAS 23385 we cannot definitely conclude if H2CO is present1247

in the ices toward this source.1248
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Fig. 14. Ethanol/acetaldehyde ratio in the gas and solid phases towards
different sources.

5.1.3. Gas vs. ice: CH3CH2OH/CH3CHO ratio 1249

CH3CH2OH and CH3CHO are chemically linked since the dou- 1250

ble hydrogenation of acetaldehyde in the solid state leads to 1251

ethanol (Fedoseev et al. 2022). In this regard, the ratio of these 1252

two molecules provides a way to understand the hydrogenation 1253

efficiency of solid-phase molecules to form larger species in pro- 1254

tostars. 1255

Figure 14 compares the inferred CH3CH2OH/CH3CHO ra- 1256

tios in the solid phase with those found in the gas phase of 1257

many protostars. A persistent ratio of CH3CH2OH and CH3CHO 1258

above the unity has been observed in the gas phase with sensitive 1259

observations towards protostars in both low- and high-mass star- 1260

forming regions (e.g., Yang et al. 2021; Jørgensen et al. 2020; 1261

van Gelder et al. 2020; Chen et al. 2023). For example, the ra- 1262

tios summarized by Jørgensen et al. (2020) for IRAS 16293B 1263

and Sgr(B2) N2 are 1.9 and 4.5, respectively. For low-mass pro- 1264

tostars, the CH3CH2OH/CH3CHO ratio taken from van Gelder 1265

et al. (2020) are 3.2 (B1-c), 3.0 (S68N), and <4.7 (B1-bS). For 1266

the first time, a comprehensive analysis of the 6.8-8.6 µm JWST 1267

data allows us to observe the same trend in the solid phase. The 1268

CH3CH2OH/CH3CHO ratios derived in this work are 1.7 and 5.8 1269

for IRAS 2A and IRAS 23385, respectively. 1270

This overall trend in protostars suggests that the 1271

ethanol/acetaldehyde ratio in the gas phase reflects those 1272

in the solid phase. This is a strong hint that ices are the birth- 1273

place of COMs detected in the gas phase. Additionally, these 1274

COMs are inherited from molecular cloud stages where the ice 1275

hydrogenation is efficient to form saturated molecules (e.g., 1276

Fedoseev et al. 2022). We also mention that a full three-phase 1277

chemical modelling of these sources, assuming reactions within 1278

the bulk of the ice, on the ice surface, and in the gas phase 1279

can help us constrain the ice chemistry from the observed ice 1280

column densities, and provide a more complete explanation for 1281

the ethanol/acetaldehyde ratio in both gas and solid-phase. In 1282

fact, recent three-phase chemical modelling work by Garrod 1283

et al. (2022) assuming general physical conditions of molecular 1284

clouds during collapse and warm-up as well as with non- 1285

diffusive ice chemistry confirms that the solid-and gas-phase 1286

ratios of ethanol/acetaldehyde are consistent with the results 1287

presented in this paper. 1288
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5.2. Ions in icy grain mantles1289

The presence of ions in interstellar ices has long been proposed1290

in the literature as a result of the energetic processing of ice man-1291

tles (e.g., Grim & Greenberg 1987; Strazzulla & Palumbo 1998;1292

Allamandola et al. 1988; Martinez et al. 2014; Pilling et al. 2010)1293

and acid-base reactions (e.g., Novozamsky et al. 2001). Among1294

these ions, OCN− has been detected in several protostellar en-1295

velopes (e.g., van Broekhuizen et al. 2005), and recently with1296

JWST in the Chameleon I molecular cloud towards background1297

stars (McClure et al. 2023). Other ions, such as HCOO−, were1298

proposed as one of the carriers of the 7.2 and 7.4 µm by Schutte1299

et al. (1999) based on the IR peak position.1300

In the analysis presented in this work, we find that both1301

HCOO− and OCN− are important contributors to signals in the1302

range between 6.8−8.6 µm. In particular, an important aspect to1303

highlight regarding HCOO− is the same relative intensities of1304

the 7.2 and 7.4 µm bands at low temperature (see Appendix H),1305

which is considered the main carrier of the absorption profiles1306

in the two protostars presented in this work. The fact that higher1307

temperature HCOO− profiles do not match well the observations1308

indicates that the acid-base reaction occurs in cold regions of the1309

protostellar envelope without further thermal processing. One1310

could argue that the HCOO− profile at 14 K is degenerate with1311

the data at 150 K as seen in Appendix H. However, the full IR1312

spectrum of HCOO− has an intense peak at 6.3 µm that is around1313

8 times stronger than the 7.2 and 7.4 µm bands, and therefore can1314

not be the main carrier of those bands. This strongly suggests1315

that acid-base reactions occur in IRAS 2A and IRAS 23385 and1316

that ions cannot be neglected when interpreting the IR observa-1317

tions.1318

The formation of HCOO− can occur via the acid-base re-1319

action involving H2O:HCOOH:NH3. This is explained by theo-1320

retical calculations of HCOOH·(H2O)n clusters (Park & Woon1321

2006). In particular, formic acid partially ionizes when mixed1322

with H2O, forming HCOO− and H3O+ via proton exchange1323

(Theule et al. 2011). Another reaction to form HCOO− was stud-1324

ied by Bergner et al. (2016), in which only HCOOH and NH3 are1325

present in the ice, without any H2O.1326

Similar to HCOO−, OCN− is efficiently formed via acid-base1327

reaction, which has been studied in laboratory experiments start-1328

ing with HNCO and NH3 (Schutte & Khanna 2003; Raunier1329

et al. 2003; van Broekhuizen et al. 2004). A large fraction of1330

OCN− is produced in these experiments, as well as the counter1331

ion, NH+
4 to maintain the electric neutrality. A possible diffi-1332

culty in this approach is the high abundance of HNCO in the ice1333

needed to synthesize OCN−, associated with the non-detection1334

of this molecule in ices yet. However, gas-phase observations1335

(e.g., Hernández-Gómez et al. 2019) show high abundances of1336

HNCO and laboratory experiments in the ice by Fedoseev et al.1337

(2015) and Noble et al. (2015) show that HNCO can be rapidly1338

formed via an exothermic solid-phase reaction between NH and1339

CO. Additionally, the non-detection of HNCO in ices (e.g., Mc-1340

Clure et al. 2023) could be related to the low abundance after1341

being converted into OCN−. The presence of OCN− and HNCO1342

in ices has a strong astrobiological appeal. HNCO participates1343

as a peptide bond between two single amino acids as shown by1344

Fedoseev et al. (2015). Moreover, irradiation experiments of ice1345

samples containing OCN−/HNCO would lead to the formation1346

of amino acids and their anions, as well. Finally, we highlight1347

that although NH+
4 is one of the byproducts of this acid-base re-1348

action, it does not contribute to the absorption bands covered in1349

this work, and therefore, it is not discussed here.1350

Another mechanism for the OCN− formation is via UV ir- 1351

radiation (van Broekhuizen et al. 2005), which is discussed as 1352

being less dominant in low-mass protostars. This route requires 1353

high UV fluxes and an abundance of around 30% of NH3 in the 1354

ice. The former condition is satisfied for high-mass protostars, 1355

but not otherwise. In fact, a recent paper by Onaka et al. (2022) 1356

shows a clear correlation in the high-mass-source AFGL 2006 1357

between the OCN− ice column density with the flux intensity of 1358

the HI Brα line. This hydrogen recombination line is a tracer of 1359

strong UV radiation and supports an OCN− formation induced 1360

by UV photons. Other mechanisms, such as UV-induced flux 1361

by cosmic rays are not enough to produce significant amounts 1362

of OCN−, and low-mass stellar UV would not reach the regions 1363

where ice is located. The latter condition exceeds the abundances 1364

estimated in the literature for both low- and high-mass proto- 1365

stars, which is between 2% and 15% (Bottinelli et al. 2010). 1366

5.3. Similarities and differences between IRAS 2A, 1367

IRAS 23385 and the Comet 67P/G-C 1368

Gas-phase comparisons between the abundances of CHO- 1369

bearing COMs with respect to CH3OH in low- and high-mass 1370

protostars, and with the bulk composition of the comet 67P/G-C 1371

were made by Drozdovskaya et al. (2019) and Jørgensen et al. 1372

(2020). The main conclusion is that there is a good correlation 1373

between the abundances of gas-phase COMs in high- and low- 1374

mass star-forming regions. On the other hand, there are also dif- 1375

ferences between the low-mass protostar (IRAS 16293B) and 1376

the comet 67P/C-G. In particular, the COMs abundances onto 1377

the comet 67P/C-G are enhanced by a factor of up to 10. This 1378

difference is interpreted as ice inheritance followed by chemical 1379

alteration towards later protostellar phases. 1380

In Figure 15, we show a comparison between the ice CHO- 1381

bearing COMs abundances in IRAS 2A and in the comet 67P/G- 1382

C, both with respect to methanol ice. We stress that the peak 1383

of the methanol band in IRAS 2A is saturated, and the compar- 1384

isons are made by assuming that the real methanol ice column 1385

density is higher by a factor of 2−3 based on the wings of the 1386

C−O band at 9.74 µm (see Appendix K). Under this assump- 1387

tion, we see that COMs and the volatile CH4 correlate well with 1388

the cometary abundances within a factor of 5. This agrees with 1389

previous conclusions that these COMs are inherited by comets 1390

from early protostellar stages. The scatter, however, can be at- 1391

tributed to further chemical alteration at later stages, or slightly 1392

different initial composition in the parental molecular cloud. It 1393

is also interesting that the volatiles, CH4 and SO2 are enriched 1394

in the comet 67P/G-C. This could indicate that these molecules 1395

are also formed in the gas phase and condensed at later stages in 1396

the comet. However, more analysis of other JWST observations 1397

is needed to draw strong conclusions from this correlation. 1398

In Figure 16, we show a comparison between the COMs 1399

abundances with respect to H2O ice in IRAS 2A, IRAS 23385 1400

and the comet 67P/G-C. The abundances in the low- and high- 1401

mass protostar are very close to a linear correlation, which 1402

agrees with the results from Jørgensen et al. (2020) between 1403

IRAS 16293B and Sgr B2(N2). On the other hand, the COMs 1404

abundances compared to H2O ice are lower in the comet 67P/G- 1405

C than in IRAS 2A. Such a high abundance of molecules in low- 1406

mass protostars with respect to H2O ice was noticed before for 1407

other molecules, such as NH3 (Kawakita & Mumma 2011), and 1408

CO, CH4 and CH3OH (Öberg et al. 2011). The reason is unclear, 1409

but it can indicate selective ice destruction of these species com- 1410

pared to H2O ice in the protosolar nebula or that those COMs 1411
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Fig. 15. Comparison between ice abundances with respect to CH3OH
ice in IRAS 2A and the comet 67P/G-C (Rubin et al. 2019). Full and
hollow circles show the abundances considering N ice

CH3OH = 1.5 × 1018

cm−2 and 1.3 × 1018 cm−2, respectively. The solid line indicates the 1:1
abundance relation, and the dashed lines indicate a cometary abundance
lower and higher by a factor of 5.
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Fig. 16. Comparison between ice abundances with respect to H2O ice.
The left panel shows the ice abundances in IRAS 2A and IRAS 23385.
The solid line indicates the 1:1 abundance relation, whereas the dashed
and dot-dashed lines indicate the enhancement and diminution of
IRAS 23385 abundance by a factor of 3. The right panel compares the
ice abundances between IRAS 2A and the comet 67P/G-C from Rubin
et al. (2019). The solid line indicates the same as in the left panel. The
dot-dashed and dashed lines indicate a cometary abundance lower by a
factor of 10 and 100, respectively.

were formed in a carbon-poor protostellar envelope (Öberg et al.1412

2011).1413

6. Conclusions1414

This paper presents a comprehensive analysis in the range1415

between 6.8−8.6 µm of JWST spectra observed towards the1416

IRAS 2A and IRAS 23385 protostars. We perform spectral fits1417

exploring a vast number of IR laboratory spectra that cover, sim-1418

ple molecules, ions and COMs. The main conclusions are sum-1419

marised below:1420

– The 7.7 µm band is fully resolved in the MIRI spectrum1421

of IRAS 2A and IRAS 23385. As found in previous stud-1422

ies, CH4 ice is the main carrier of this band. In addition to1423

CH4, our analysis shows that OCN− and SO2 contribute to1424

the blue wing of the 7.7 µm band. SO2 was tentatively de-1425

tected based on ISO and Spitzer observations, and based on a1426

statistical analysis we confirm that SO2 is present in ices to-1427

wards IRAS 2A. For IRAS 23385, SO2 is classified as likely1428

detection because of a lower S/N and statistical arguments.1429

In the case of OCN−, this is the first time that this ion is 1430

attributed to the 7.7 µm band. Besides the statistical analy- 1431

sis confirming this detection, OCN− is also seen at 4.59 µm 1432

in IRAS 2A with NIRSpec observation, thus confirming the 1433

feature at 7.7 µm. 1434

– The 7.2 and 7.4 µm bands observed in IRAS 2A and 1435

IRAS 23385 are mainly due to the formate ion (HCOO−). 1436

Since this ion is efficiently formed via acid-base reactions, 1437

and given the detection of OCN− at 7.65 µm, these results 1438

demonstrate that this type of chemical reaction may be rather 1439

common in interstellar ices. 1440

– The earlier suggestions that CH3CH2OH (ethanol) and 1441

CH3CHO (acetaldehyde) contribute to the absorption pro- 1442

files at 7.2 and 7.4 µm, respectively, are confirmed in this 1443

work. In addition, we find that CH3CH2OH contributes to 1444

other bands in the range considered in this work, most no- 1445

tably, at 6.8−7.05 µm and 7.4−7.6 µm. Other possibilities, 1446

such as hydrocarbons (C2H2, C2H4, C2H6) and more com- 1447

plex alcohols (1-propanol, propanal) are less likely based on 1448

their absorption profiles. In the case of CH3CHO, it also con- 1449

tributes to the range between 6.9−7.2 µm. 1450

– We find robust evidence that CH3OCHO is present in the 1451

ices towards IRAS 2A and IRAS 23385. At least two strong 1452

bands of this molecule are found between 8.1−8.35 µm and 1453

8.45−8.6 µm. The statistical analysis shows that this spectral 1454

component cannot be excluded as a solution for the fit. Based 1455

on the criteria for a firm identification, CH3OCHO is classi- 1456

fied as a secure detection. We also find that another COM, 1457

CH3COOH (acetic acid), is present in the fits of IRAS 2A 1458

and cannot be excluded based on the confidence interval 1459

analysis for two out of three choices of continuum. However, 1460

since it is not found in IRAS 23385, and the local continuum 1461

strongly affects the shape of the bands around 7.8 µm, we 1462

classify acetic acid only as a likely detection. More compar- 1463

isons with other JWST data will elucidate at which level if 1464

acetic acid is present in interstellar ices. 1465

– The COMs found in this work are likely mixed in a polar en- 1466

vironment. For example, CH3CH2OH and CH3CHO fit bet- 1467

ter the observations when mixed with H2O. These molecules 1468

mixed with CO have spectral profiles that deviate from the 1469

observed protostellar. In the case of CH3COOH, the mixture 1470

with H2O ice also provides a good fit to the IRAS 2A spec- 1471

trum. In the case of CH3OCHO, the two protostars show dif- 1472

ferent spectral shapes. This differentiation could be related 1473

to ice distillation in IRAS 23385, the high-mass protostar. 1474

– Ice-gas ratios between CH3CH2OH and CH3CHO show val- 1475

ues above unity in both gas and ice phases. This suggests 1476

solid-phase reactions for the formation of these molecules. 1477

In addition, the high abundance of CH3CH2OH shows that 1478

saturated molecules efficiently form in ices because of the 1479

high amount of hydrogen available. 1480

– For the first time, we compare ice COMs abundances relative 1481

to CH3OH ice in a protostar and the comet 67P/G-C. Our 1482

results indicate that the COMs ice abundances in the comet 1483

67P/G-C correlate well with those in the protostar within a 1484

factor of 5, which strongly suggests that COMs in comets are 1485

significantly inherited from earlier protostellar phases. In the 1486

case of CH4 and SO2 with respect to CH3OH ice, we find an 1487

enhancement in the comet 67P/G-C. On the other hand, the 1488

abundance comparison with respect to H2O ice shows that 1489

the COMs, SO2 and CH4 are depleted in the comet. 1490

The results presented in this paper illustrate how JWST, 1491

aided by laboratory experiments, is fully capable of probing the 1492
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chemical complexity in interstellar ices. Future work using more1493

JWST data with high S/N (e.g., IRAS 15398; Yang et al. 2022)1494

will enable us to verify the recurrence of the COMs found in1495

this paper in other sources, and consequently, assess the robust-1496

ness of these detections. Another outlook would be the determi-1497

nation of ice-gas ratios of COMs more complex than CH3OH.1498

Ultimately, an analysis based on a large sample will help us to1499

further answer the question: to what extent chemical complexity1500

can be reached in interstellar ices?1501
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Appendix A: 9.8 µm band compared to ISO and1789

Spitzer sources1790

Figures A.1 and A.2 show comparisons with the silicate feature1791

towards GCS 3 and with other low- and high-mass protostars ob-1792

served with Spitzer and ISO. The first note is that both IRAS 2A1793

and IRAS 23385 have a broader 9.8 µm silicate profile com-1794

pared to GCS 3. This highlights the need of considering differ-1795

ent grain compositions when subtracting the silicate absorption1796

band. Secondly, IRAS 2A and IRAS 23385 show a similar blue1797

side of the spectrum with other sources. On the other hand, the1798

red profile has more differences, which are related to the amount1799

of H2O ice towards the source. In fact, icy-grain models by Os-1800

senkopf & Henning (1994) show that coagulated icy grains have1801

a prominent spectral bump around 12 µm because of the H2O ice1802

libration band.1803

Appendix B: Effect of using different silicates for1804

subtraction in IRAS 2A1805

In Section 3.1, we describe how the silicate feature is removed1806

from IRAS 23385 and IRAS 2A MIRI-MRS spectra using a1807

synthetic silicate profile combining olivine and pyroxene. In1808

this section, we compare subtractions using different profiles to1809

check how this step affects the shape of the 6.8−8.6 µm region.1810

Figure B.1 (top) shows three silicate profiles, scaled to IRAS 2A1811

spectrum, i) the synthetic silicate used in Section 3.1, ii) the sil-1812

icate profile of GCS 3, and iii) the MgSiO3 profile taken from1813

Poteet et al. (2015). The peak optical depths are set to match1814

the synthetic silicate profile. We point out that this comparison1815

is focused on the 6.8−8.6 µm region, and therefore mismatches1816

of these silicate spectra at longer wavelengths are not relevant1817

for this specific analysis. We briefly mention SiO (silica), as an-1818

other possible candidate for the blue wing of the 9.8 µm band.1819

However, silica has not been found in absorption in protostars1820

so far and its relatively narrow profile at 18 µm is not seen in1821

both sources investigated in this paper. Nevertheless, if present,1822

SiO would not affect the COMs bands investigated in this pa-1823

per because of its broadband at around 8.3 µm. At most, it could1824

slightly reduce the HCOOH ice column density.1825

Figure B.1 (bottom) shows the silicate subtracted optical1826

depth spectrum of IRAS 2A. Both synthetic and enstatite sili-1827

cates result in similar spectral profiles between 6.8−8.6 µm. On1828

the other hand, the silicate subtraction using GCS 3 creates an1829

unrealistic absorption excess (also observed in Boogert et al.1830

(2008)) that deviates from the other two profiles.1831

Appendix C: List of laboratory data1832

A comprehensive list of molecules was used in this paper to1833

search for the best fit of the region between 6.8 and 8.6 µm.1834

This list includes COMs in different mixtures as well as simple1835

molecules. The full list is shown in Table C.1.1836

Appendix D: Acetic acid and OCN− band strengths1837

Most of the band strengths for the molecules detected in the1838

range addressed in this paper are available in the literature. How-1839

ever, to the best of our knowledge, the band strengths of acetic1840

acid and OCN− between 6.8 and 8.6 µm were not calculated be-1841

fore. In particular, the band strength of acetic acid at 5.8 µm is1842

often assumed to be the same as, or corrected from, the gas-phase1843

acetic acid (e.g., Öberg et al. 2009b; Chuang et al. 2020) based1844

on Marechal (1987).1845

We derive the absolute (A) and apparent (A′) band strengths 1846

of acetic acid. The absolute band strengths are derived from the 1847

imaginary refractive index, by the following equation: 1848

A =
m
ρNA

∫ ν2

ν1

4πνk(ν)dν (D.1)

where m is the molar mass of acetic acid in g mol−1 (60.052), ρ 1849

is the density of acetic acid (0.892 g cm−3; Hudson et al. 2020), 1850

NA is the Avogrado’s number, ν is the wavenumber and k is the 1851

imaginary refractive index. We derive k using the recent ver- 1852

sion of the NKABS code (Rocha & Pilling 2014). This code cal- 1853

culates the real (n) and imaginary (k) refractive index from the 1854

absorbance spectrum (Absν). The input spectrum is taken from 1855

Hudson & Gerakines (2019), who also estimated the thickness 1856

of the ice (d = 2.1 µm) and the refractive index around 700 nm 1857

(n0 = 1.29). The n and k values are shown in Figure D.1. Finally, 1858

the band strengths derived for two acetic acid bands are listed in 1859

Table D.1. 1860

The apparent band strength is calculated by: 1861

A′ = 2.303
m

ρNAd

∫
Absνdν (D.2)

As one can see, both A and A′ values for acetic acid are sim- 1862

ilar. 1863

In the case of OCN−, we derive the apparent band strength at 1864

7.62 µm (1312 cm−1). The OCN− band at 4.59 µm (2175 cm−1) 1865

is used as a reference since the band strength is known 1866

(1.3×10−16 cm molecule−1; van Broekhuizen et al. 2005). We 1867

use the following equation to derive the OCN− apparent band 1868

strength at 7.62 µm: 1869

A′7.62µm = 1.3 × 10−16

∫
Abs1312cm−1 dν∫
Abs2175cm−1 dν

, (D.3)

where Abs2175cm−1 and Abs1312cm−1 are the OCN− bands at the 1870

given wavelengths. 1871

Appendix E: Laboratory spectra: removing H2O and 1872

CH3OH ice features 1873

In this section, we demonstrate how to remove the H2O 1874

and CH3OH features of COMs spectra containing these two 1875

molecules in the range between 6.5 and 9.0 µm. This process 1876

is necessary when analysing the observational spectrum be- 1877

tween 6.8 and 8.6 µm using local continuum subtraction. Fig- 1878

ure E.1 (top) shows the H2O:CH3CH2OH ice spectrum (Ter- 1879

wisscha van Scheltinga et al. 2018) and the polynomial (4th- 1880

order) function used to trace a baseline under the CH3CH2OH 1881

bands. In this spectrum, the ethanol features overlap with the 1882

broad shoulder of the H2O ice bending mode, which is repre- 1883

sented by the polynomial fit. In Figure E.1 (bottom), we show the 1884

CH3OH:CH3CH2OH IR spectrum (Terwisscha van Scheltinga 1885

et al. 2018). Since both molecules are alcohols they share func- 1886

tional groups, which makes it harder to isolate the ethanol fea- 1887

tures of methanol. Because of the high dilution factor (20:1), it 1888

is not feasible to disentangle the features of the two molecules 1889

below 6.8 µm, and therefore, we separate the CH3CH2OH bands 1890

between 6.9 and 8.6 µm. The step is performed in three stages: (i) 1891

high-order polynomial (7th) between 6.9−7.15 µm to remove the 1892

CH3OH shoulder, (ii) 3rd-order polynomial between 7.15−7.45 1893

to isolate the ethanol band at 7.2 µm and account for the strong 1894

curvature in the data, and (iii) 5th-order polynomial between 1895

7.45-8.7 µm to extract the other ethanol bands. 1896
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Fig. A.1. Comparison among MIRI/JWST spectrum of IRAS 2A, the silicate profile of GCS 3 and Spitzer/IRS spectrum of different low-mass
protostars. These spectra are normalized by the optical depth at 9.8 µm.
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Fig. A.2. Comparison among MIRI/JWST spectrum of IRAS 23385, the silicate profile of GCS 3 and Spitzer/IRS spectrum of different low-mass
protostars. These spectra are normalized by the optical depth at 9.8 µm.

Appendix F: Laboratory baseline correction:1897

avoiding spurious features1898

IR spectra of ices are recorded in the laboratory using Fourier1899

Transform Infrared Spectroscopy (FTIR) and interference effects1900

are corrected using a spline or polynomial function, the so-called1901

baseline correction. In Figure F.1 we show the baseline correc-1902

tion of the H2O:CH3CH2OH IR spectrum at 15 K. Panels a and1903

b show the laboratory spectrum and a 7th-order polynomial used1904

to correct the interference effect. The difference between these1905

two panels is that in panel a, we use as many points as possi-1906

ble to trace the baseline, whereas in panel b, we use only half of 1907

the points available in the range of 7.8−8.5 µm. This creates a 1908

small fluctuation in the polynomial function. Zoom-ins of both 1909

cases are shown in panels c and d, respectively. In panel e, we 1910

show the baseline data. The spectrum with no polynomial inflex- 1911

ion contains the real CH3CH2OH IR features, whereas the other 1912

data has spurious features at 8.0 and 8.3 µm. This demonstrates 1913

that care must be taken when correcting IR spectrum baselines 1914

to avoid creating spurious features. 1915
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Fig. B.1. Comparing silicate profiles in IRAS 2A. The top panel shows
the synthetic silicate providing the best fit in IRAS 2A (blue) compared
to GCS 3 (red) and enstatite (green) silicate model from Poteet et al.
(2015). The bottom panel shows the IRAS 2A spectrum after removing
the three silicate models.
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Fig. D.1. Optical contacts of acetic acid. Vertical dotted lines indicate
the features with band strength calculated in this paper.

Appendix G: Incremental version of the fits for1916

IRAS 2A and IRAS 233851917

Figure G.1 displays the best fits for IRAS 2A (left) and1918

IRAS 23385 (right) by adding one component at a time in each1919

panel. This allows understanding better how each component1920

contributes to the fit.1921

CH3CH2OH bands

Continuum: H2O broad wing (bending) 

CH3CH2OH bands

CH3OH bands

Broad band

little CH3CH2OH 


dilution effect

Fig. E.1. Isolating the CH3CH2OH ice bands from H2O and CH3OH
ices. Polynomial functions anchored at the points indicated by the grey
areas are used. The top panel shows the ethanol mixed with H2O ice,
and the bottom panel displays the mixture with CH3OH.

Appendix H: HCOO− at 14, 150 and 210 K 1922

We compare the absorption profiles of HCOO− at three temper- 1923

atures (14 K, 150 K, 210 K) with the 7.2 and 7.4 µm bands in 1924

IRAS 2A and IRAS 23385 (Figure H.1). Our analysis shows that 1925

the spectrum at 14 K provides the best fit. The spectrum at 150 K 1926

is excluded because the second peak (∼ 7.4 µm) is broader and 1927

shifted compared to the observations. Likewise, the band shape 1928

of the highest temperature data (150 K) does not match with both 1929

protostars. 1930

Appendix I: Confidence intervals 1931

The top and bottom panels in Figure I.1 show the confidence 1932

intervals for IRAS 2A in the ranges of 6.8−7.5 and 7.8−8.6, re- 1933

spectively. The confidence intervals for IRAS 23385 are shown 1934

in Figures I.2 and I.3. For IRAS 2A, it can be noted that all com- 1935

ponents are essential to the fit, and cannot be excluded. On the 1936

other hand, for IRAS 23385, the SO2 band can be excluded as a 1937

solution if the OCN− band is slightly intense. 1938

Appendix J: Different local continuum profiles 1939

between 6.8 and 8.6 µm - IRAS 2A 1940

The first three panels of Figure J.1 show different continuum 1941

profiles between 6.8-8.6 µm in the IRAS 2A spectrum. The top 1942

panel is the version adopted for the analysis in this paper that 1943

traced a third-order polynomial to the guiding points. The sec- 1944

ond panel displays the fourth-order polynomial where the red 1945

dot is added to the guiding points. In this case, the continuum is 1946

slightly elevated at shorter wavelengths to accommodate the fit 1947

to the extra point at 8.5 µm. The third panel presents the contin- 1948

uum when two extra points are added (λ = 7.8 µm and 8.5 µm), 1949

and a sixth-order polynomial is used. All subtracted spectra us- 1950

ing these three approaches are shown in the bottom panel of Fig- 1951

ure J.1. 1952

New fits for IRAS 2A are performed on the other two optical 1953

depth spectra obtained from different local continuum choices, 1954

which are shown in Figure J.2. The panel at the top shows that all 1955
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Fig. F.1. Baseline correction of the IR ice spectrum of H2O:CH3CH2OH
data. Panels a and b show the IR ice spectra and the baselines. The blue
dotted squares highlight the zoom-ins shown in panels c and d display-
ing polynomial baselines without and with little inflexion, respectively.
Panel e demonstrates the effect of non-accurate baseline subtraction in
the ice spectrum.

components remain needed to reach the best fit. Only the 8.5 µm1956

band of CH3OCHO exceeds the observations, and this is caused1957

by the guiding point added at 8.5 µm. The bottom panel of Fig-1958

ure J.2 shows another fit, where two extra points are added at1959

7.8 and 8.5 µm. This version of the fit keeps all components, ex-1960

cept CH3COOH, which is excluded because of the anchor point1961

added at 7.8 µm, where CH3COOH has a strong feature. Other1962

issues are seen in this fit, for example, around 7 µm, 7.3 µm, and1963

a poor fit between 7.8 and 8.6 µm. Despite all these differences,1964

this analysis shows that CH3CHO, CH3CH2OH and CH3OCHO1965

are still robust detections, and cannot be excluded from the fits1966

of the IRAS 2A spectrum.1967

Appendix K: Water and methanol ice column 1968

densities 1969

The water ice column densities in both protostars are calculated 1970

from the libration mode around 12.5 µm. To determine the pro- 1971

file of the band, we combine water ice spectra at different tem- 1972

peratures (Figure K.1). As pointed out by Boogert et al. (2008), 1973

this band is sensitive to the grain geometry. For this reason, we 1974

assume small spherical water ice grains which is consistent with 1975

Boogert et al. (2008) to fit the libration mode best. The optical 1976

constants for ices at 15, 75, and 160 K are taken from Rocha 1977

et al. (2022). The water libration band is fitted with two com- 1978

ponents representing different temperatures. It is likely that the 1979

libration band is sensitive to a range of temperatures between 15 1980

and 160 K, but addressing this is beyond the scope of this work. 1981

Despite this simplification, one can note that only cold water 1982

ice is not enough to fit the libration band of IRAS 23385 and 1983

IRAS 2A. In particular, IRAS 2A has a strong blue wing excess 1984

that requires H2O ice at 160 K. The water ice column density is 1985

shown in Table 2. 1986

In the case of CH3OH ice, we use the band at 9.8 µm to 1987

derive a column density. We fit a Gaussian profile to the feature 1988

at 9.8 µm (solid curve in Figure K.2) and multiply it by a factor 1989

of 2 (dashed curve) and 3 (dotted curve). It is unlikely that the 1990

solid curve accounts for all CH3OH absorption, and therefore 1991

the CH3OH ice column densities used in this paper correspond 1992

to the other two Gaussian profiles. 1993

Appendix L: Comparison with hydrocarbons 1994

Because of the degeneracy intrinsic to the ice fittings, partic- 1995

ularly regarding COMs that share the same functional groups, 1996

we show in this section a comparison of hydrocarbons (CxHx) 1997

with the IRAS 2A spectrum. These molecules participated in the 1998

global fits between 6.8 and 8.6 µm, but are discarded as solu- 1999

tions. Therefore, these comparisons serve as an additional check 2000

that these components are not part of the global minimum so- 2001

lution. Figure L.1 shows scaled IR spectra of pure C2H2, C2H4, 2002

C2H6 compared to IRAS 2A. The scaling factors are arbitrarily 2003

chosen to match the IRAS 2A absorption profile at 7.3 µm. It 2004

can be seen that C2H4 does not have any contribution to the 7.2 2005

and 7.4 µm. On the other hand, the absorption bands of C2H2 2006

and C2H6 that could be hidden at 7.3 µm, exceed the IRAS 2A 2007

absorption profiles around 12 and 13.5 µm. 2008
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Fig. G.1. Incremental version from top to bottom of the best fits with the ENIIGMA fitting tool for IRAS 2A (left) and IRAS 23385 (right). The
molecule label follows the colour code of the laboratory components in the fit.
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IRAS 2A IRAS 23385

HCOO- (14K)

HCOO- (150K)

HCOO- (210K)

HCOO- (14K)

HCOO- (150K)

HCOO- (210K)

Fig. H.1. Comparison between the 7.2 and 7.4 µm band of IRAS 2A
(left) and IRAS 23385 (right) with the HCOO− absorption profiles at
14, 150 and 210 K. These IR ice spectra are taken from Gálvez et al.
(2010).
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Fig. I.1. The top and bottom corner plots show the IRAS 2A coef-
ficient confidence intervals for the range between 6.86-7.5 (top) and
7.8−8.6 µm (bottom), respectively.
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Fig. I.2. The top and bottom corner plots show the IRAS 23385 coef-
ficient confidence intervals for the range between 6.86−7.5 (top) and
7.5−7.8 µm (bottom), respectively.
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Fig. I.3. Same as in Figure I.2, but for the range 7.8−8.6 µm.
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Fig. J.1. Effect of the continuum choice on the local continuum sub-
tracted spectrum of IRAS 2A. The first panel shows the continuum
adopted as the best model in this paper. The second and third pan-
els show two other continuum options by adding the red and orange
points, respectively. The optical depth subtracted spectra are shown in
the fourth panel.
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fits with all the components after subtracting the red local continuum
with an extra point at 8.5 µm. The bottom panel shows the same as in
the top panel, but considering two extra points for the local continuum
(7.8 and 8.5 µm). Only CH3COOH is excluded in this fit.
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Fig. K.1. Fits for the H2O ice libration band for IRAS 23385 (top) and
IRAS 2A (bottom). The best fit is found by combining two H2O ice
grain-shaped corrected spectra: 15K and 75 K for IRAS 23385 and 15 K
and 160 K for IRAS 2A.
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Fig. K.2. NH3 and CH3OH features in the bottom of the silicate band
and H2O ice subtracted spectra of IRAS 2A. Three Gaussian profiles are
scaled to the CH3OH band to indicate different ice column densities.
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Fig. L.1. Comparison between the 7.2 and 7.4 µm band of IRAS 2A
(silicate and H2O ice subtracted) and hydrocarbons (C2H2, C2H4 and
C2H6).
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Table C.1. Laboratory data tested in the global fit performed with ENIIGMA.

Label Temperature (K) Resolution (cm−1) Databasea Reference
Simple molecules (less than 6 atoms) and hydrocarbons

H2O 15−160 2.0 LIDA [1]
CH4 10−30 1.0 OCdb [2]
HCOOH 15−165 1.0 LIDA [3]
SO2:CH3OH (1:1) 15 1.0 LIDA [4]
H2O:CH4 (10:1) 15 1.0 UNIVAP [5]
C2H2 15 1.0 NASA [6]
C2H4 15 1.0 NASA [7]
C2H6 15 1.0 NASA [7]

Ions
OCN−: HNCO:NH3 (1:1) 15 1.0 LIDA [8]
HCOO−: H2O:NH3:HCOOH (100:2.6:2) 14−210 1.0 LIDA [9]
HCOO−: NH3:HCOOH (1.3:1) 14−210 1.0 LIDA [9]

COMs (more than 6 atoms)
CH3OH 10−120 1.0 OCdb [2]
CH3CHO 15−120 1.0 LIDA [10]
CH3CN 15−150 1.0 LIDA [11]
CH3OCH3 15−100 1.0 LIDA [10]
CH3COCH3 15−100 1.0 LIDA [11]
CH3CH2OH 15−150 1.0 LIDA [10]
CH3OCHO 15−120 1.0 LIDA [12]
CH3COOH 10 1.0 NASA [13]
CH3NH2 10 1.0 LIDA [14]
CH3CH2CH2OH 13 1.0 NASA [15]
HC(O)CH2CH3 10 1.0 NASA [16]
CH3CH2OH:H2O (1:20) 15−160 1.0 LIDA [10]
CH3CH2OH:CO (1:20) 15, 30 1.0 LIDA [10]
CH3CH2OH:CH3OH (1:20) 15−150 1.0 LIDA [10]
CH3CH2OH:CO:CH3OH (1:20:20) 15−150 1.0 LIDA [10]
CH3CHO:H2O (1:20) 15−120 1.0 LIDA [10]
CH3CHO:CO (1:20) 15, 30 1.0 LIDA [10]
CH3CHO:CH3OH (1:20) 15−140 1.0 LIDA [10]
CH3CHO:CO:CH3OH (1:20:20) 15−120 1.0 LIDA [10]
CH3OCH3:H2O (1:20) 15−160 1.0 LIDA [10]
CH3OCH3:CO (1:20) 15, 30 1.0 LIDA [10]
CH3OCH3:CH3OH (1:20) 15−120 1.0 LIDA [10]
CH3OCH3:CO:CH3OH (1:20:20) 15−100 1.0 LIDA [10]
CH3COCH3:H2O (1:20) 15−160 1.0 LIDA [11]
CH3COCH3:CO (1:20) 15, 30 1.0 LIDA [11]
CH3COCH3:CO2 (1:20) 15−100 1.0 LIDA [11]
CH3COCH3:CH3OH (1:20) 15−140 1.0 LIDA [11]
CH3COCH3:H2O:CO2 (1:2.5:2.5) 15−160 1.0 LIDA [11]
CH3COCH3:CO:CH3OH (1:2.5:2.5) 15−140 1.0 LIDA [11]
CH3OCHO:H2O (1:20) 15−120 1.0 LIDA [12]
CH3OCHO:CO (1:20) 15−120 1.0 LIDA [12]
CH3OCHO:H2CO (1:20) 15−120 1.0 LIDA [12]
CH3OCHO:CO:H2CO:CH3OH (1:20:20:20) 15−120 1.0 LIDA [12]
CH3COOH:H2O (1:20) 10 1.0 NASA [13]
CH3NH2:H2O (1:20) 15−150 1.0 LIDA [14]
CH3NH2:NH3 (1:20) 15−150 1.0 LIDA [14]
CH3NH2:CH4 (1:20) 15−150 1.0 LIDA [14]
CH3CN:H2O (1:20) 15−150 1.0 LIDA [11]
CH3CN:CO (1:20) 15−100 1.0 LIDA [11]
NH2CHO:H2O (7:100) 15−160 1.0 LIDA [17]
NH2CHO:CO (4:100) 15−34 1.0 LIDA [17]
HCOCH2OH:H2O (1:18) 10 1.0 NASA [18]

Notes. [1] Öberg et al. (2007), Gerakines et al. (1996); [2] Hudgins et al. (1993); [3] Bisschop et al. (2007); [4] Boogert et al. (1997); [5] Rocha
et al. (2017); [6] Hudson et al. (2014a); [7] Hudson et al. (2014b); [8] Novozamsky et al. (2001); [9] Gálvez et al. (2010); [10] Terwisscha van
Scheltinga et al. (2018); [11] Rachid et al. (2022); [12] Terwisscha van Scheltinga et al. (2021); [13] No reference found - taken from the NASA
Ice Database (Pure: https://science.gsfc.nasa.gov/691/cosmicice/spectra/refspec/Acids/CH3COOH/ACETIC-W.txt, Mixture:
https://science.gsfc.nasa.gov/691/cosmicice/spectra/8_compounds/Combined_spectra_2018-12-20.xlsx); [14] Rachid et al.
(2021); [15] Hudson & Gerakines (2019); [16] Yarnall et al. (2020); [17] Slavicinska et al. (2023); [18] Hudson et al. (2005). aLIDA:
The Leiden Ice Database for Astrochemistry (https://icedb.strw.leidenuniv.nl/); OCdb: The Optical Constant Database (https://
ocdb.smce.nasa.gov/); UNIVAP: https://www1.univap.br/gaa/nkabs-database/data.htm; NASA Cosmic Ice Laboratory: https:
//science.gsfc.nasa.gov/691/cosmicice/spectra.html
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Table D.1. Absolute and apparent band strengths of acetic acid.

λcentral Aabs (cm molec−1) Aapr (cm molec−1)

5.8 7.5 × 10−17 7.3 × 10−17

7.82 4.6 × 10−17 4.6 × 10−17
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