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A B S T R A C T 

Acetaldehyde is one of the most common and abundant gaseous interstellar complex organic molecules found in cold and hot 
regions of the molecular interstellar medium. Its presence in the gas-phase depends on the chemical formation and destruction 

routes, and its binding energy (BE) go v erns whether acetaldehyde remains frozen on to the interstellar dust grains or not. In this 
work, we report a combined study of the acetaldehyde BE obtained via laboratory temperature programmed desorption (TPD) 
experiments and theoretical quantum chemical computations. BEs have been measured and computed as a pure acetaldehyde 
ice and mixed with both polycrystalline and amorphous water ice. Both calculations and experiments found a BE distribution 

on amorphous solid water that co v ers the 4000–6000 K range when a pre-exponential factor of 1 . 1 × 10 

18 s −1 is used for the 
interpretation of the experiments. We discuss in detail the importance of using a consistent couple of BE and pre-exponential 
factor values when comparing experiments and computations, as well as when introducing them in astrochemical models. Based 

on the comparison of the acetaldehyde BEs measured and computed in the present work with those of other species, we predict 
that acetaldehyde is less volatile than formaldehyde, but much more than water, methanol, ethanol, and formamide. We discuss 
the astrochemical implications of our findings and how recent astronomical high spatial resolution observations show a chemical 
differentiation involving acetaldehyde, which can easily explained due to the different BEs of the observed molecules. 

Key words: astrochemistry – molecular data – molecular processes – ISM: abundances. 
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 I N T RO D U C T I O N  

cetaldehyde (CH 3 CHO) was one of the first polyatomic molecules
isco v ered in the interstellar medium (ISM; Gottlieb 1973 ; Fourikis
t al. 1974 ). It is a rather common interstellar molecule, found in
oth warm and cold environments. For example, it is abundant in hot
ores (e.g. Blake et al. 1987 ; Csengeri et al. 2019 ; Law et al. 2021 ),
ot corinos (e.g. Cazaux et al. 2003 ; Manigand et al. 2020 ; Yang
t al. 2021 ; Chahine et al. 2022 ), protostellar molecular shocks (e.g.
efloch et al. 2017 ; Codella et al. 2020 ; De Simone et al. 2020 ), and
oung discs (e.g. Codella et al. 2018 ; Lee et al. 2019 ). Against the
heoretical expectations, acetaldehyde is also present in cold prestel-
ar cores (e.g. Bacmann et al. 2012 ; Vastel et al. 2014 ; Scibelli &
hirley 2020 ). Finally, acetaldehyde is detected in comets (Crovisier
t al. 2004 ; Le Roy et al. 2015 ; Biver et al. 2021 ), where the measured
elative abundance with respect to methanol is similar to that found
n hot corinos (e.g. Bianchi et al. 2019 ; Drozdovskaya et al. 2019 ). 
 E-mail: francois.dulieu@cyu.fr (FD); albert.rimola@uab.cat (AR); 
ecilia.ceccarelli@univ-grenoble-alpes.fr (CE) 
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Sev eral e xperimental and theoretical studies have focused on
he acetaldehyde formation routes both in the gas-phase and on the
rain-surfaces. Charnley ( 2004 ) first proposed that acetaldehyde is
ynthesized in the gas-phase via the reaction of the ethyl radical
CH 3 CH 2 ) with atomic oxygen (O). Subsequently, Skouteris et al.
 2018 ) found that acetaldehyde could be a daughter of ethanol
CH 3 CH 2 OH), while Vasyunin et al. ( 2017 ) proposed a synthesis
rom methanol (CH 3 OH) reacting with CH. Finally, publicly
vailable astrochemical reaction networks (KIDA and UMIST:
akelam et al. 2012 ; McElroy et al. 2013 , respectively) also report

n ionic route via the protonated acetaldehyde (CH 3 CHOH 

+ ),
hich is in turn formed from dimethyl ether (CH 3 OCH 3 ) reacting
ith H 

+ . Vazart et al. ( 2020 ) has re vie wed all these reactions from
he theoretical and experimental point of view and concluded that
nly the first two routes are viable (i.e. involving CH 3 CH 2 and
H 3 CH 2 OH, respectively), while the last two (i.e. those involving
H 3 OH and CH 3 CHOH 

+ ) are inefficient in the ISM conditions.
inally, the observed correlation between the derived abundances
f acetaldehyde and ethanol in warm and hot sources is in fa v our of
cetaldehyde being the ethanol daughter (Vazart et al. 2020 ). 

For the grain-surface formation routes, the situation is more
ebated. Since the end of last millennium, e xperiments hav e found
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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hat acetaldehyde is formed in UV-illuminated ices consisting of 
ater, CO, methanol, and methane (e.g. Hudson & Moore 1997 ; 
ennett et al. 2005 ; Öberg et al. 2010 ; Mart ́ın-Dom ́enech, Öberg &
ajappan 2020 ) or other components (e.g. Chuang et al. 2021 ).
riggered by these experiments, Garrod & Herbst ( 2006 ) proposed 

he formation of acetaldehyde from the combination of the radicals 
CO and CH 3 on the dust grain icy surfaces, when the grain

emperature increases enough to make the two radicals mobile. 
o we ver, a first study by Enrique-Romero et al. ( 2016 ) suggested that

he reaction of the two radicals on an amorphous water ice surface
ctually does not end up into the formation of acetaldehyde but 
ather into carbon monoxide (CO) and methane (CH 4 ). Subsequent 
nd more accurate studies confirmed that the acetaldehyde formation 
n amorphous water surfaces may or may not occur and is al w ays
n competition with the CO + CH 4 formation (Rimola et al. 
018 ; Enrique-Romero et al. 2019 , 2020 ). Similar conclusions were
eached when considering the reaction on CO-rich ices (Lamberts 
t al. 2019 ). Finally, the most recent theoretical study by Enrique-
omero et al. ( 2021 ) found that the efficiency of the acetaldehyde

ormation by the coupling of HCO and CH 3 is a strong function of
he grain temperature and the diffusion energies of the two radicals, 
ith the possibility to being practically zero if their mobility is

elatively large (i.e. a diffusion/BE ratio less than 0.3). In agreement 
ith these theoretical predictions, a very recent and sophisticated 

tudy by Guti ́errez-Quintanilla et al. ( 2021 ) found no formation
f acetaldehyde on an amorphous water ice enriched with HCO 

nd CH 3 . In their experiment, Guti ́errez-Quintanilla et al. ( 2021 )
rapped radicals, formed via photolysis of methanol ice, in an argon 

atrix at 14 K and identified them via electronic paramagnetic 
esonance spectroscopy. Once liberated from the matrix, the various 
adicals combined giving rise to several species, but not acetalde- 
yde. More recently, non-energetic processes on the grain surfaces 
ave been found to possibly produce acetaldehyde in CO-rich ices 
e.g. Fedoseev et al. 2022 ). Adding confusion to this situation, 
udson & Ferrante ( 2020 ) noticed that the infrared (IR) bands,
n which the identification (frequencies) and quantification (band 
trengths) of acetaldehyde in the various experiments relied, were 
ften incorrect. Finally, this work also emphasized the almost im- 
ossibility for astronomical observations to be able to identify frozen 
cetaldehyde. 

Whatever the formation mechanism, either in the gas-phase or on 
he grain surfaces, acetaldehyde would freeze on to the cold dust
rain mantles and would be remo v ed from them only when the
ust temperature reaches the acetaldehyde sublimation temperature, 
hich is go v erned by its binding energy (BE: sometimes it is also

alled desorption energy) to the water ice, and its pre-exponential 
actor (see Section 4 ). Please note that the sublimation temperature 
an be reached due to both thermal and non-thermal processes, 
uch as the desorption caused by the interaction of the cosmic- 
ays, which permeate the Milky Way, with the dust grains. In the
atter case, for example, only a fraction of the grain is heated up and
cetaldehyde would be desorbed if the reached temperature is larger 
han its sublimation temperature. Therefore, in practice, whether 
cetaldehyde is in the gas-phase (where it can be observed via its
otational lines) or frozen on to the grain mantles (where it has not
een detected so far) is completely go v erned by its BE. Moreo v er, BE
l w ays enters in an exponential form, so that its accurate estimation
s essential to properly assess whether and how much acetaldehyde 
ould be gaseous. 
So far, there are very few specific studies on the acetaldehyde BE.

o our best knowledge, Wakelam et al. ( 2017 ) is the first theoretical
tudy, but it only considered one water molecule to simulate the 
nterstellar water ice. These authors found a BE equal to ∼5400 K.
ecently, Corazzi et al. ( 2021 ) reported an experimental study of the
E on olivine surfaces co v ered by an ice of pure acetaldehyde or
ix ed with water. The y found that the acetaldehyde BE on a mixture

f iced water-acetaldehyde is 3079 K, substantially different from 

he Wakelam et al.’s estimate. In a very recent combined theoretical
nd experimental study, Molpeceres et al. ( 2022 ) obtained, for the
esorption of acetaldehyde on non-porous amorphous solid water 
urfaces, the values of 3624 and 3774 K, respecti vely. These v alues
re relatively similar to the Corazzi et al.’s value, but still far from
hat of Wakelam et al.’s one. There is, therefore, a need to clarify the
rigin of this difference as well as to impro v e both e xperimental and
heoretical estimates. 

In this work, we combine state-of-the-art experimental (tem- 
erature programmed desorption, TPD) and theoretical (quantum 

hemical computations) techniques with the aim to provide possibly 
he most accurate estimate of the acetaldehyde BE on water ice,
imulating at best the ISM conditions. The article is organized as
ollows. Section 2 reports the experiments, Section 3 the theoretical 
omputations, and Section 4 discusses the results and comparison of 
he two methods, as well as the astrophysical implications. 

 L A B O R ATO RY  EXPERI MENTS  

he experiments were performed with the FORmation of MOLecules 
n the InterStellar Medium (FORMOLISM) setup. The apparatus is 
eant to study the reactivity of atoms and molecules on surfaces

f astrophysical interest, under the conditions of temperatures and 
ressures similar to those of the ISM. The practicalities of the
xperimental setup are described here but more details are given 
n previous works (Amiaud et al. 2007 ; Congiu et al. 2012 ). 

.1 Methods 

ORMOLISM is composed of an ultra-high vacuum (UHV) stainless 
teel chamber with a pressure of a few 10 −11 mbar. The sample holder
s located in the centre of the main chamber, and it is thermally
onnected to a closed cycle Helium cryostat. The temperature of 
he sample is measured in the range of 10–800 K by a calibrated
itanium diode connected to the sample holder. This one is made of
 1-cm diameter copper block (18-mm long), which is co v ered with
 highly oriented pyrolytic graphite (HOPG, ZYA-grade) sample. 
he HOPG is a model of an ordered carbonaceous material, carbon
toms in a hexagonal lattice, mimicking some aspects of interstellar 
ust grains analogues. The HOPG grade (10 mm diameter–2 mm 

hickness) was firstly dried in an o v en at about 100 ◦C for 2 h, and
hen cleav ed sev eral times in air using the ‘Scotch tape’ method at
oom temperature to yield several limited defects and step edges 
Chaabouni et al. 2020 ). The HOPG was glued directly on to the
opper finger and dried in ambient conditions for about an hour
efore inserting it in the chamber and closing the set-up. Once high
acuum is reached ( < 10 −7 mbar) in few minutes, the sample is dried
nder vacuum during 3 h at 350 K. Then the HOPG sample and the
hole system is baked out at 100 ◦C for few days in order to remo v e

ny adsorbed contaminants and reach the UHV base pressure. Before 
tarting any experiment, the system is slowly heated up to 720 K to
aximize the degassing rate and ensure a very clean sample surface.
FORMOLISM is equipped with a quadrupole mass spectrometer 

QMS). It allows both the detection of species desorbing from the
ample during a TPD and, when placed in front of the beam-line, the
haracterization and the calibration of molecular beams. 
MNRAS 516, 2586–2596 (2022) 
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Figure 1. Set of four smoothed TPDs (m/z = 44) for different time 
depositions of acetaldehyde on HOPG: 1.5 min (0.4 ML), 3 min (0.8 ML), 
6 min (1.7 ML), and 12 min (3.3 ML). 
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The CH 3 CHO (Sigma Aldrich, purity higher than 99.5 per cent)
olecular beam is prepared in a triply differentially pumped beam-

ine aimed at the sample holder. It is composed of three vacuum
hambers connected together by tight diaphragms of 3 mm diameters.
olecular pressure injected in the gas line is of about 1.4 mbar. In

he expansion chamber (first stage), the pressure is in the 10 −5 mbar
ange, while in the main chamber, the rise of the pressure is not
easurable ( < 10 −11 mbar). 
The CH 3 CHO on HOPG e xperiments hav e been used as reference

nd preliminary studies before investigating the desorbing behaviour
f the molecule on two different D 2 O ice substrates formed on the
ample. In this study, we have deposited CH 3 CHO molecules on
OPG by using only one beam-line oriented at 57 ◦ with respect to

he surface of the sample, while D 2 O ice films have been deposited
n HOPG by using a separated channel and a micro-capillary array
oser mo v ed close to the sample holder. It allows to control the
ce deposition rates and to a v oid to raise the pressure in the whole
hamber. The two different D 2 O ices are, respectively, compact non-
orous amorphous deuterated water (ASW-c) and (poly)crystalline
euterated ice (PCI). ASW-c is formed when the sample is held
t 110 K, while PCI layers have been formed by depositing D 2 O at
10 K, heating until 150 K with a ramp rate of 5 K min −1 and waiting
or few minutes to be sure that the crystallization has happened, as
etected by the change in the desorption rate (Speedy et al. 1996 ).
or both ices, about 30 monolayers (ML) have been deposited on
OPG, while the pressure in the main chamber never exceeded
 × 10 −8 mbar. After the CH 3 CHO deposition phase at 45 K, we
sed the TPD technique by warming-up the sample and detecting
he desorbing species from the surface through mass spectrometry.
PD were obtained from 45 to 220 K for the CH 3 CHO on HOPG
xperiments and only to 140 K for the CH 3 CHO on water ice ones,
n order to a v oid D 2 O desorption after 150 K. In all cases, a linear
eating rate of 12 K min −1 has been programmed to heat up the
ample. Because of the poor thermal contact between the sample
older and the copper block, the temperatures registered during the
PD were recalibrated by depositing different gases of known BEs

O 2 , Kr, D 2 O). The accuracy is about 1 K for the values of temperature
elow 125 and 0.2 K for the ones abo v e. The actual new ramps
btained after calibration are taken into account in the simulations
nd analyses. 

With the QMS, the same molecule can be detected in different m/z
orresponding to the fragmentation of the parent molecules after the
lectron impact (here at 30 eV). The main fragments under study here
re m/z = 44 (molecular mass of CH 3 CHO 

+ ) and m/z = 29 (HCO 

+ ,
he main fragment of acetaldehyde). The desorption and degree of
rystallization of D 2 O ice films have been followed through the signal
f m/z = 20. 

.2 Results 

xperiments on HOPG have been used mainly as reference, in order
o understand the behaviour of the acetaldehyde adsorption and the
eposition time needed to have a ML on the substrate. Seven measure-
ents corresponding to increasing deposition times (1, 1.5, 3, 4, 5,

, and 12 min) have been carried out on HOPG to study the evolution
f the TPDs from a sub-ML regime to a multilayer one. Fig. 1 shows
nly four TPD curves belonging to four different deposition times
sing the same first stage pressure to introduce a constant flux of
H 3 CHO in the system. There are two main features appearing in

he graph: a low-temperature peak between 105 and 110 K, and
 second peak centred around 117.5 K. At low deposition times,
nly the peak at higher temperature appears (black and red curves
NRAS 516, 2586–2596 (2022) 
orresponding to 1.5 and 3 min). It initially increases in intensity
ith co v erage but saturate for longer depositions. After 6 min of
eposition, the low-temperature peak clearly appears. The TPD after
2-min deposition shows both peaks equally intense, although the
ow-temperature peak is slightly broader. The high-temperature peak
s attributed to sub-ML regime and is first populated, and, when the

L is saturated and the multilayer regime starts, the second peak
t lower temperature appears. By following the TPD experiments
n HOPG, an ML of molecules on the substrate is believed to form
fter ca. 4 min of deposition. We define this time to calibrate the rest
f the analyses. As HOPG and ASW-c have about the same surface
ensity of sites, the same time deposition is used to characterize the
o v erage on ice, and to derive the BEs of CH 3 CHO as a function of
he co v erage. 

In order to derive the BEs on HOPG and on the two different ices,
he three TPDs for the 4-min depositions on HOPG, ASW-c, and PCI
ave been selected. By proceeding this way, the interaction between
 ML of deposited CH 3 CHO and each substrate can be studied.
ig. 2 shows the results for one of them, i.e. the experiment of 4-min
eposition of CH 3 CHO on PCI, and the simulation obtained by fitting
he data. The procedure is detailed in Chaabouni et al. ( 2018 ). The
alculation uses 11 independent TPDs, starting from 4500 K, with an
nergy gap between each TPD of 150 K (i.e. 4500, 4650, 4800 K...).
ach individual TPD is calculated using simple Arrhenius kinetics,
amed the Polanyi–Wigner equation: 

( T ) = −d N 

d T 
= AN 

n exp 

(
−E des 

T 

)
(1) 

here r ( T ) is the desorption rate (in ML s −1 ), N is the number density
f molecules adsorbed on the surface (ML), and n is the order of the
esorption equal to 1 in our case. A is the pre-exponential factor (s −1 ),
 is the temperature of the surface (in K), and E des is the acti v ation
nergy for desorption (in K). If there is no reorganization of the
urface, 1 E des is equal to BE. First-order desorption TPD profiles are
ndependent of the surface population, so that each independent BE
an be weighted, and finally a distribution of BEs can be found. We
ave set the pre-exponential factor at 1.1 × 10 18 s −1 (see Section 4 ).

art/stac2358_f1.eps
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Figure 2. Simulation of 11 TPDs (red line) used to fit the experimental TPD 

(black line, raw data not smoothed) obtained from 4 min (1 ML) of CH 3 CHO 

deposition on PCI (pre-exponential factor = 1.1 × 10 18 s −1 , E min = 4500 K, 
E max = 6000 K by steps of 150 K). 

Table 1. Desorption energy values of the 11 simulated TPDs obtained for 
three sets of 4 min CH 3 CHO depositions: on HOPG, ASW-c, and PCI (pre- 
exponential factor: 1.1 × 10 18 s −1 ). 

HOPG c-ASW PCI 
E des (K) Population Population Population 

(per cent) (per cent) (per cent) 

4500 0 0 < 4 
4650 10 16 28 
4800 0 32 27 
4950 0 10 12 
5100 34 12 12 
5250 66 7 9 
5400 0 8 6 
5550 0 9 6 
5700 < 4 6 8 
5850 < 4 7 < 4 
6000 < 4 < 4 < 4 
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he arbitrary choice of binning the energy distribution (basis of 11 
Es) have been optimized with the aim to have a good fitting of all

he three experiments under analysis. Fig. 2 gives a qualitative idea 
f the simulation for the case of the PCI substrate. The best values
ound for the 11 TPDs, also known as energy distribution set for each
ubstrate, are reported in Table 1 . The values are here expressed as
 function of the population, in percentage, having that specific BE.
e estimate the accuracy of the method to be around a few per cents,
ostly due to the noise-to-signal ratio and the presence of a small

ackground noise. 
The three energy distributions are displayed in Fig. 3 . We omit the

opulations below 4 per cent. One can observe the main differences 
ecause of the different substrate. For HOPG, there is not an actual
istrib ution, b ut it rather shows almost only two main energy values,
hich are associated with the sub-ML regime (at 5100–5250 K). As

an be noticed by the 10 per cent population at 4650 K, for the 4 min
epositions the multilayer regime slightly started already. This is in 
greement with the accuracy of the determination of the flux, which 
s usually estimated around 15 per cent. 

The distributions of BEs of CH 3 CHO on ices present different 
haracteristics and are a signature of the more disordered nature of
ater ice (even for the PCI case). There is a larger distribution of
opulation co v ering almost all the possible energy values proposed
y the simulation. The ASW-c substrate presents the largest distri- 
ution of BEs. The energy distribution histogram associated with 
he desorption of CH 3 CHO on PCI presents, instead, a more peaked
istribution towards lower values of energy (mainly below 4900 K). 
his is due to the reduced number of combination of water molecules
n the surface. The disorder here is provoked by the possibility of
aving an O or an H in the vicinity of the adsorption sites, even if the
ollective structure is cubic. On the contrary , ASW -c have a more
isordered nature and, accordingly, the adsorption sites may have a 
ore variable number of water molecules strongly interacting with 
H 3 CHO (see below). Finally, we calculate the weighted average for
ach case to estimate the difference in BEs for the different substrates.
e obtain the following result: 5150 K for HOPG (range: 4650–

250 K), 5080 K for ASW-c (range: 4650–5850 K), and 4990 K for
CI (range: 4650–5700K). This corresponds to what one can expect 
y looking at the trend in the desorption profiles. 
MNRAS 516, 2586–2596 (2022) 
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 QUA N T U M  CHEMISTRY  C A L C U L AT I O N S  

imulations of the adsorption of an acetaldehyde molecule on
rystalline and amorphous ice models, and as a component of a
ure acetaldehyde surface have been carried out in order to (i) gain
nsights of the adsorption process at an atomic level and (ii) calculate
Es of the species on ices with the purpose to make comparisons
ith TPD experiments. 

.1 Methods 

.1.1 Computational details 

ll the calculations were performed with the ab initio CRYSTAL17
ode (Do v esi et al. 2018 ). The code can simulate any kind of system,
rom non-periodic molecules to full periodic 3D crystalline systems,
mploying atom centred Gaussian basis sets for the description of
he electronic structure. In this work, we carried out DFT-based static
ptimizations using the BFGS optimization algorithm, relaxing both
he cell parameters and the atomic positions. These calculations were
erformed with the PBEsol0-3c functional (Don ́a, Brandenburg &
i v alleri 2019 ), which makes use of an Ahlrichs’ polarized valence-

ingle zeta basis set in order to reduce the computational cost.
hen, on the PBEsol-3c optimized geometries, single-point energy
alculations were carried out with the B3LYP functional (Lee,
ang & Parr 1988 ; Becke 1993 ) added with the Grimme’s D3(BJ)
orrection (to account for dispersive forces (Grimme et al. 2010 ;
rimme, Ehrlich & Goerigk 2011 ) with the aim to refine the BEs

t a higher level of theory. These refinement calculations have been
erformed using an Ahlrichs’ VTZ basis set added with a double set
f polarization functions. For the sake of accuracy, the calculations
arried out with the B3LYP-D3(BJ) method have been corrected
or the basis set superposition error, adopting the a posteriori
ounterpoise correction. 

Vibrational harmonic frequencies were calculated at the PBEsol0-
c level using the finite differences method. A partial Hessian
pproach was used to reduce the computational cost of the calcu-
ations. Thus, the vibrational frequencies were calculated on the
ptimized geometries only for a fragment of the entire system, which
ncluded the acetaldehyde molecule and the closest water molecules
nteracting with it. From this vibrational frequency calculations,
he zero-point energy (ZPE) correction terms were included in the
alculations of the BEs, hereafter referred to as BE(0). 

.1.2 Water ice and pure acetaldehyde periodic structures 

he crystalline and amorphous water ice surface models used in this
rticle have already been described in Ferrero et al. ( 2020 ) and are
eported in Fig. 4 . Briefly, the crystalline slab model derives from
he (010) surface of the proton-ordered P-ice. For this surface, two
ifferent unit cells have been used, the 1x1 and the 2x1 (Figs 4 a and b,
espectively), this way covering both high and low co v erage re gimes.
he amorphous water ice surface was constructed by joining different
ater clusters from Shimonishi et al. ( 2018 ), in which, upon imposing
eriodicity and optimizing the structure, the resulting surface model
resents a cavity (Fig. 4 c). 
Since the crystalline structure of pure acetaldehyde is not available

et, in order to simulate a pure acetaldehyde slab we resorted to
he crystal structure prediction algorithm. First, the acetaldehyde

olecule was optimized in gas phase with the B3LYP-D3(BJ)
ethod combined with the optimized def2-SVP basis set with

he Gaussian 09 (Frisch et al. 2010 ) program. This gas-phase
NRAS 516, 2586–2596 (2022) 
ptimized structure was used as input parameter to derive the pure
cetaldehyde periodic solid-state structures, which was achieved by
sing the programs of DFTB + (version 20.2.1; Hourahine et al.
020 ), including Self Consistent Charge (Elstner et al. 1998 ) and
he D4 dispersion model by Grimme (Caldeweyher, Bannwarth &
rimme 2017 ; Caldeweyher et al. 2019 ), and VASP 5.4.4 (Kresse &
afner 1993 , 1994 ; Kresse & Furthm ̈uller 1996a , b ) using PAW PBE
seudopotentials (Kresse & Joubert 1999 ). 
Solid-state structure prediction was performed using the USPEX

version 10.4.1) evolutionary algorithm (Oganov & Glass 2006 ;
gano v, Lyakho v & Valle 2011 ; Lyakhov et al. 2013 ), with embed-
ed the topology crystal structure generator (Bushlano v, Blato v &
ganov 2019 ), employing the DFTB + code for geometry opti-
izations. The first generation of crystal structures were randomly

enerated, while subsequent generations were obtained by applying
he genetic algorithm embedded in USPEX coupled with different
ariation operators, in particular rot-mutation and lattice mutation.
he search space was limited from 1 to 4 molecules per cell. Cal-
ulations proceeded for 23 generations and 570 structures, in which
SPEX identified the best structure, which contains 2 molecules
er cell and a final volume of 118.77 Å3 . Since periodic DFTB +
alculations tend to e xcessiv ely shrink the unit cell, subsequent
alculations with USPEX but this time employing VASP calculations
ere performed using as initial seeds the best structures found by
FTB + . This proceeded for 28 generations and 723 structures,

esulting in the final optimized structure characterized by a = 4.960
, b = 5.655 Å, c = 4.536 Å, and α = 89.55 ◦, β = 89.70 ◦, γ =
27.17 ◦ (with a final volume of 127.17 Å3 ) 
The resulting bulk structure has been optimized at the PBEsol0-3c

evel and it is depicted in Fig. 5 (a). Once we obtained the bulk, we
ut it along the (010) direction to obtain a 2D periodic slab model,
hich does not posses a large dipole along the non-periodic direction

z axis (Figs 5 (b) and (c)). 

.2 Results 

.2.1 Adsorption of acetaldehyde on ice structures 

e first simulate the acetaldehyde adsorption process by placing the
olecule on the 1x1 crystalline surface, in which a single hydrogen

ond (H-bond) between a dangling hydrogen (dH) of the ice surface
nd the O atom of acetaldehyde is established. The size of the 1x1
nit cell is very small (it only contains one dH) and accordingly
dsorption of acetaldehyde ends up with a structure resembling a
ono-layer co v erage adsorption situation (see Fig. 6 (a)), in which

ateral interactions between acetaldehydes of adjacent unit cells take
lace due to the periodic boundary conditions. By using the 2x1
nit cell, such lateral interactions are remo v ed, giving rise to a
ow co v erage re gime, in which a single acetaldehyde is adsorbed
n the surface (see Fig. 6 (b)). The obtained ZPE-corrected binding
nergies, BE(0), are 7253 and 5194 K for the 1x1 and 2x1 unit cell
ases, respectively (reported in Table 2 ). Since the amorphous ice
s larger (60 water molecules) and presents a disordered surface
orphology, this surface model presents more adsorption sites.
e sampled some of them by placing acetaldehyde molecule in

ifferent starting positions and then optimizing the structures. Out
f a total of 14 optimizations, we obtained 9 different minima, in
hich in all the cases acetaldehyde establishes H-bond interactions
ith dH of the amorphous surface. The different calculated BE(0)
alues are reported in Table 2 , which spans the ca. 2800–6000 K
ange. Figs 6 (c) and (d) show the optimized structures for the
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Figure 4. Panel(a) : top view of the 1x1 unit cell of the P-ice (010) surface. Panel (b): top view of the 2x1 supercell of the P-ice (010) surface. Panel (c): side 
view of the amorphous ice surface. The employed 1x1 cell and 2x1 supercell of panels A and B are highlighted in blue. 
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omple x es presenting the highest and the lowest BE(0) values, 
espectively. 

.2.2 Adsorption of acetaldehyde on pure acetaldehyde surface 

 single acetaldehyde molecule was adsorbed on the 2x2 super cell 
f the (010) pure acetaldehyde slab model. Its BE(0) was computed 
imilarly as described for the adsorption on the water ice structures.
he calculated BE(0) for this case is 2650 K. This value is a lower

imit of the BE(0), as the isolated molecule is engaged in very
ew interactions with the companion surface. The upper limit of 
he BE is the cost needed to extract a single acetaldeyde molecule
rom the external layer of the (010) surface. In this case, the BE(0)
s a compromise between the rupture of a consistent number of
ntermolecular interactions holding acetaldehyde within the slab and 
he geometry relaxation of the cavity created in the surface. The 
E(0) was, therefore, calculated by subtracting the energy of the 

elaxed surface with the cavity plus the energy of the extracted 
cetaldehyde from the energy of the pristine perfect surface. The 
esult is a BE(0) = 5692 K, that is, almost twice as large as the
cetaldehyde BE(0) at the clean (010) surface ( vide supra ). 
 DI SCUSSI ON  

.1 The importance of the pre-exponential factor 

efore discussing the chemical physics, or any methodological 
ias, it is important to be able to compare the v alues deri ved by
he experimental and theoretical methods, which in the case of 
esorption is not straightforward. To understand this point, we will 
rst recall the framework in which the BE values are obtained in
ach approach. Unfortunately, the three communities (laboratory, 
uantum chemistry, and astrochemistry) have their own underlying 
efinitions, which we will discuss first. 

.1.1 The experimental point of view 

xperiments do not directly measure a desorption energy, but a 
esorbing flux, and, by applying equation 1 (see Section 2 ), a BE is
erived (which is supposed to be equal to the desorption energy in
ost of the cases). Ho we ver, to do so, one needs to set a value for the

re-exponential factor, since the equation has two parameters: the 
re-exponential factor A and the BE (if the desorption order is set
o n = 1). Here, following the recommendation by Minissale et al.
 2022 ), we adopt the deri v ation of the pre-exponential factor based
MNRAS 516, 2586–2596 (2022) 
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M

Figure 5. Panel (a): PBEsol0-3c optimized structure of the bulk model for 
pure acetaldehyde. Panel (b): top view of the 1x1 unit cell of the (010) pure 
acetaldehyde slab surface model. Panel (c): top view of the 2x2 supercell of 
the (010) pure acetaldehyde slab surface model. The employed unit cells are 
highlighted in blue. 
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Figure 6. Panel (a): top view of the optimized geometry of one acetaldehyde 
molecule adsorbed on the 1x1 cell of the P-ice (010) surface model. Panel (b): 
top view of the optimized geometry of one acetaldehyde molecule adsorbed 
on the 2x1 supercell of the P-ice (010) surface model. The 1x1 cell and the 
2x1 supercell are highlighted in blue. Side view of the optimized geometries 
of acetaldehyde adsorbed on the amorphous ice surface model presenting the 
highest ( Panel (c) ) and the lowest ( Panel (d) ) BEs. 

Table 2. Calculated (ZPE corrected) BE(0) (in K) of acetaldehyde on the 
crystalline and the amorphous ice surface models. 

Crystalline ice BE(0) 

1x1 cell 7253 
2x1 cell 5194 

Amorphous ice 
Site 1 5208 
Site 2 3366 
Site 3 5700 
Site 4 4708 
Site 5 2809 
Site 6 4028 
Site 7 3450 
Site 8 4597 
Site 9 6038 

W

A

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/2586/6678576 by C
N

R
S user on 24 M

arch 2023
n the transition state theory (TST). This theory takes into account
oth the rotational and translation partition functions of the desorbing
olecules and, therefore, allows including in the calculation of the

re-exponential factor, A TST , the entropic effect associated with the
inetic desorption rate. We briefly describe the salient points of the
alculation of A TST (more details can be found in Tait et al. 2005 ).
NRAS 516, 2586–2596 (2022) 
e used the following formula: 

 TST = 

k b T 

h 

q ‡ 

q ads 

= 

k b T 

h 

A 

� 

2 

√ 

π

σ h 

3 

(
8 π2 k b T peak 

)3 / 2 √ 

I x I y I z (2) 
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here q ads and q ‡ are single-particle partition functions for the ad- 
orbed (initial) state and the transition state, respectively, calculated 
t the temperature T peak . A is the surface area per adsorbed molecule.
ere, like in other experiments or computational studies, it is fixed 

o 10 −19 m 

2 (the inverse of the number of surface sites per unit area).
 x , I y , and I z are the principal moments of inertia for the rotation
f the particle, obtained by diagonalizing the inertia tensor of the 
ree acetaldehyde. They are fixed to I x = 52.46, I y = 46.86, I z 
 8.78 amu Å2 . The symmetry factor, σ , is the number of different

ut indistinguishable rotational configurations of the particle and it 
s fixed to 1 in the case of acetaldehyde (as it belongs to the C s 

ymmetry point group). The thermal wavelength of the molecule, 
 , depends on its atomic mass (44 amu) and on the peak of the

esorption energy ( T peak = 115 K), and it is 24.5 pm. By using these
arameters, A TST = 1.07 × 10 18 s −1 . We emphasize, ho we ver, that
 TST is a function of T peak . As shown in Fig. 1 , the temperature of

he peak depends on the surface co v erage. F or e xample, when using
 peak = 108 K, A TST is equal to 8.58 × 10 17 s −1 , while fixing T peak 

 117 K then A TST = 1.13 × 10 18 s −1 . In this study, we choose A TST 

 1.1 × 10 18 s −1 , which is the average value. 

.1.2 The astrochemical modelling point of view 

ften, the pre-exponential factor is calculated using the harmonic 
scillator approximation introduced by Hase ga wa, Herbst & Leung 
 1992 ) and here called A HH : 

 HH = 

(
2 n s BE 

π2 m 

)1 / 2 

(3) 

here n s is the surface density of sites and m is the mass of the
dsorbed species. Using this approximation, which does not take into 
ccount the fact that the adsorbed molecule does not rotate whereas 
he desorbed one does, we find A HH = 1.3 × 10 12 s −1 if we choose
n arbitrary value of BE = 4500 K. In addition, in the Hase ga wa
t al. ( 1992 ) formulae, the value of A HH depends e xclusiv ely on the
E of the adsorbate and is calculated directly from it, so that, in the
odels, there is a unique parameter, BE, and not the A and BE pair, as

etermined in experiments. We stress that the chosen pre-exponential 
actor A can strongly affect the BE value determined using the TPD
echnique, since they are actually coupled (see equation 1 ) and are
omewhat degenerated (monotonic). To compare the values obtained 
ith different pre-exponential factors A, we can rescale the BE values 
sing A HH and the following formula: 

E HH = BE TST − T peak ln ( A TST / A HH ) (4) 

here BE HH and A HH (BE TST and A TST ) are the pair BE and pre-
xponential factor calculated with the harmonic oscillator approxi- 
ation of Hase ga wa et al. ( 1992 ) or the TST proposed by Tait et al.

 2005 ). 

.1.3 The theoretical point of view 

 full quantum mechanical (QM) e v aluation of the pre-exponential 
actor can be derived by the statistical mechanical treatment as in the
ST, considering the availability of the harmonic frequencies for all 

nvolved systems. The QM pre-exponential factor νTST (T) is related 
o the A TST of equation ( 2 ) by: 

T ST ( T ) = A T ST 

‡ q vib ( M) ‡ q vib ( S) 

q vib ( C) ︸ ︷︷ ︸ 
q T ST 
vib 

. (5) 
Therefore, the two equations coincides when the q T ST 
vib ratio is equal

o unity. The application of the full TST treatment to acetaldehyde, 
imited to one representative case related to the P-ice model (with
 BE(0) of 60.3 kJ mol −1 , corresponding to the complex shown in
ig.6(a)), gave the ratio between the full TST treatment and the
ait et al. ( 2005 ) pre-factor close to unity for temperatures ≤50 K,
ecreasing by ∼1 and 2 orders of magnitude at 100 and 200 K,
espectively. Therefore, considering the desorption temperature of 
07 K for acetaldehyde, the Tait et al. ( 2005 ) approximation is
elatively good within around one order of magnitude of the value of

10 18 s −1 while being much simpler to apply. 
Another advantage of adopting equation ( 2 ) o v er the full QM

ST one is its explicit dependence on T peak . For these reasons, in
he following, we will adopt equation ( 2 ) for the calculation of the
re-exponential factor. 

.1.4 Comparison with previous experimental estimates 

ow we have a tool to compare BEs provided by different values
f pre-exponential factors. Corazzi et al. ( 2021 ) recently reported an
xperimental value of BE = 3100 K of acetaldehyde co-deposited 
ith water on a substrate made of micrometer-sized olivine grains. 

t obviously differs from the measured values here and it is lesser
han any calculated v alue. Ho we ver, these authors used a fixed value
f A = 10 12 s −1 . To be able to compare with our results, we use
quation ( 4 ) and find that the couple BE = 3079 K and A = 10 12 

 

−1 corresponds to the couple BE = 4680 K and A = 1.1 × 10 18 s −1 ,
hat is exactly what has been found here for the multilayer energy
f acetaldehyde. This example shows how important is to take into
ccount, not only the BEs, but also the pre-exponential factor that
llows us to calculate a desorption flux, to reproduce experiments or
o simulate the desorption in ISM conditions. 

.2 Comparison of experimental and theoretical results 

he aim of this section is to compare the experimental and theoretical
pproaches. We will do that for the pure acetaldehyde, crystalline, 
nd amorphous water ices, separately. 

.2.1 Pure acetaldehyde ice 

y comparing theory with experiments, in general, we compare a 
tatic and ‘uni-molecular’ calculation with a measurement that is 
oth dynamic and averaged over a large population and a large
umber of situations. We will first compare the case of the pure
cetaldehyde ice. Here, e xperiments pro vide a BE of 4650 K, while
alculations dealing with the ideal model of a molecule abo v e the
010) acetaldehyde surface gives a BE(0) of 2650 K. Given the
obustness of the measurement (confirmed by Corazzi et al. 2021 ),
ne would conclude that what is measured does not correspond to
hat is calculated. In reality, when a molecular film is heated, it will

onstantly reorganize itself, and the situation of a molecule on top
f the surface is not the most energetically stable configuration. The
ther extreme case corresponds to the calculation of the BE(0) of
ne acetaldehyde molecule extracted from the surface slab, which 
s 5692 K (see abo v e). We think that this last computed value is
robably o v erestimated with respect to the e xperimental BE, as we
nly focused on the process occurring at the rather stable (010)
urface without considering more defective surfaces, from which the 
esorption can occur from kink and edges leaving the molecule less
ngaged with the underneath layers. 
MNRAS 516, 2586–2596 (2022) 
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As a first conclusion, therefore, it can be said that the present
alculations provide good high and low boundary values to the
xperimental results, but that the dynamic (in the case of experiments)
ersus the static (in the case of calculations) nature can make any
irect comparison somewhat misleading. 

.2.2 CH 3 CHO desorbing from crystalline water ice 

lthough we provided two BE values because of the use of two
ifferent unit cell sizes (i.e. 1x1 and 2x1 supercell), here, for the
ake of comparison with experiments, we take the value of BE(0)
 5194 K obtained using the 2x1 supercell, as it is more realistic. 
In experiments, we find a distribution of BEs. It is not a bias of the
ethod, as it was possible to derive a unique value of the BE for the
OPG surface. Actually, in experiments, even for a PCI, the surface

s disordered. Indeed, the water molecules at the outermost positions
f the surface almost randomly alternate dH pointing outside or inside
he solid. Therefore, even for crystalline water ice, distributions of BE
re usually measured whatever is the adsorbate (Amiaud et al. ( 2007 ),
oble et al. ( 2012a ), Nguyen et al. ( 2018 )). The calculations, made
n a perfectly regular or periodic crystal, are not able to reproduce
his disorder. 

In experiments, the largest population is found for BE = 4650 K
nd it corresponds to the BE of an acetaldehyde multilayer. This
eans that CH 3 CHO molecules prefer to rearrange themselves,

robably creating some sort of small clusters, rather than spreading
 v er the surface. In other words, acetaldehyde do not wet properly
he water ice surface. The low co v erage values, which correspond

ore to the calculations made for a unique molecule, lay between
950 and 5700 K. This is in excellent agreement with the calculated
alue of BE(0) = 5194 K. We note that population at 5700 K could
lso correspond to defaults or steps in the poly-crystalline assembly.

.2.3 CH 3 CHO desorbing from amorphous water ice 

oth experiments and calculations show a broad distribution of BEs.
alculations demonstrates that, compared to the crystalline case,

ome sites are more energetically fa v ourable (two o v er nine), one is
bout equal, and the other six are less fa v ourable sites for adsorption.
here is no doubt that such less bounded sites exist, but in exper-

ments they will not be populated, as molecules reorganize during
he heating phase and tend to occupy the available most fa v ourable
dsorption sites. This has been well experimented and documented
s the ‘filling behaviour’, for relatively volatile substances (Kimmel
t al. 2001 ; Dulieu et al. 2005 ). In the experiments, for all adsorbates,
he minimum BE measurable is set by the limit of the BE of the

ultilayer. This is why we observe that half of the population of
cetaldehyde desorbs from sites with a BE very close to that of pure
H 3 CHO films. Indeed, this accumulation at the lower part of the
E distribution corresponds, in the calculations, to the six (out of
ine) sites that have a BE lower than 4650 K (the multilayer limit).
nce again, we find here that the theoretical calculations are in very
ood agreement with what is obtained e xperimentally. The y show
erfectly the extent of the distribution (up to 6000 K), and propose
 good sampling of sites. Finally, we point out here that we do
ot observ e an y co-desorption of acetaldehyde with water. All the
cetaldehyde desorbs prior to the water. This is consistent with the
ather lo w v alues of BE calculated for the interaction with water,
ower than the multilayer BE measurements of the acetaldehyde
lm alone. This molecule would somehow have a low hydrophilic
haracter. 
NRAS 516, 2586–2596 (2022) 
.3 Comparison of the acetaldehyde BE with those of other 
mportant interstellar molecules 

he detailed calculations and measurements of the acetaldehyde
Es on water ices show a consistent but complex picture. First,
s already reported in other works (e.g. Dulieu et al. 2005 ; Ferrero
t al. 2020 ), BE on an icy surface is not a single value, but there is
ather a distribution of BEs caused by the different sites to which
cetaldehyde can be adsorbed. Second, using the BE values without
aying attention to its associated pre-exponential factor can lead
o inconsistencies, if not mistakes. That being said, most of the
strochemical models use a single value of BE and the A HH pre-
xponential factor, recalculated from it following equation ( 3 ), which
s not a guarantee of correctness. 

Another question is: which single value of BE to choose from the
bserved distribution? To choose a single value in the distribution,
ne needs to know the nature of the ice, for instance, if the surface
ill be fully or partly co v ered. Acetaldehyde is a frequently observed
olecule in the gas phase, but it has not been detected yet in the ice
antles because its concentration is probably low (but see also the

iscussion in the ‘Introduction’). Therefore, the co v erage of this
olecule on the surface of icy grains should remain low and the low

o v erage side of the distribution shall be preferred. Moreo v er, the
nterval of values that we propose o v erlaps the BE extrapolated by

akelam et al. ( 2017 ; 5400 K), which turns out to be correct if one
dopts the pre-exponential factor of A = 1.1 × 10 18 s −1 . Ho we ver, if
he astrochemical model uses the harmonic oscillator approximation
nd a value of A HH ∼ 10 12 s −1 , a value around 3800 K shall be
referred. 
The advantage to use the couple BE = 5400 K and A = 1.1 × 10 18 

 

−1 is that one can then compare this BE with that derived by
he theoretical calculations and to the already published BE val-
es of other molecules (Minissale et al. 2022 ). As an example,
H 3 CHO can be compared to H 2 CO, which seems to have a similar
esorption behaviour, exhibiting a non co-desorption with water
Noble et al. 2012b ). The values for H 2 CO are: BE = 4117 K (A
 8.29 × 10 16 s −1 ). On the contrary, both ethanol and methanol

xhibit co-desorption with water and have larger BEs, BE = 7000 K
A = 3.89 × 10 18 s −1 ; Dulieu, Vitorino & Minissale, pri v ate
ommunication) and BE = 6621 K (A = 3.18 × 10 17 s −1 ; Bahr,
oubin & Kempter 2008 ; Minissale et al. 2022 ), respectively. Finally,
ormamide (NH 2 CHO) has a refractory behaviour with respect to
ater. It desorbs at higher temperatures from bare surfaces because
f its high BE = 9561 K (A = 3.69 × 10 18 s −1 ; Chaabouni et al.
018 ; Minissale et al. 2022 ). One obtains the same substantial result
hen considering the theoretical BEs calculated by Ferrero et al.

 2020 ), although they are BE distributions. 

.4 Astrochemical implications 

rom an astrochemical point of view, two points are particularly
ele v ant. The first point regards the presence of acetaldehyde in
old ( ∼10 K) objects (e.g. Bacmann et al. 2012 ; Vastel et al. 2014 ;
cibelli & Shirley 2020 ; Zhou et al. 2022 ). The relatively large BE
4800–6000 K) makes it difficult to explain the presence of gaseous
cetaldehyde if formed on the grain-surf aces, and w ould rather fa v our
 gas-phase formation. Of course, this may just mo v e the problem of
he presence of the reactants needed to synthesize acetaldehyde from
hem, namely ethyl radical and/or ethanol. Non-thermal mechanisms
ould be at play such as cosmic-ray bombardment that would not be
hemically selective (Dartois et al. ( 2019 )), whereas the chemical
esorption initiated by hydrogenation on the grain surface may have
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if ferent ef ficiencies depending on the molecule (Minissale et al. 
016 ). 
As written in the ‘Introduction’ section, the BE of a given species

etermines at what temperature the species remains adsorbed or goes 
o the gas-phase. In hot cores/corinos, several species, including 
cetaldehyde, have a jump in the abundance in the region where 
he dust temperature reaches about 100 K. This is believed to 
e caused by the sublimation of the frozen water (e.g. Charnley, 
ielens & Millar 1992 ; Ceccarelli et al. 2000 ; Jaber et al. 2014 ),
hich is the major constituent of the icy grain mantles (e.g. Boogert,
erakines & Whittet 2015 ). Ho we ver, the analysis of the emission

ines of different species and their spatial distributions sometimes 
uggest that there is a differentiation in the sublimation of different 
pecies (e.g. Manigand et al. 2020 ; Bianchi et al. 2022 ). 

The recent study by Bianchi et al. ( 2022 ) definiti vely sho ws a
hemical differentiation between the two hot corinos of the SVS13 
rotobinary system. Specifically, the analysis of the high-spatial 
esolution ALMA observations leads to the conclusion that gaseous 
cetaldehyde and formamide are distributed in an onion-like structure 
f the hot corino, with formamide becoming abundant in a warmer 
egion with respect to the acetaldehyde region. A natural explanation 
f this behaviour is that species with larger BE emit lines (mostly)
n more compact re gions, i.e. the re gion corresponding to their
ublimation temperature, rather than the water sublimation front, 
ecause the large densities ( ≥10 8 cm 

−3 ) make those species freeze-
ut back very quickly. Therefore, given their respective BEs (see 
ection 4.3 ), acetaldehyde is emitted in a region more extended and
older than that of formamide. 

More in general, by considering their respective BEs, formalde- 
yde (H 2 CO) and acetaldehyde would desorb before water, ethanol, 
nd methanol with water, but formamide has to wait for higher 
v erage temperatures, giv en its much higher BE. Our new estimates
f the acetaldehyde BE, slightly lower than w ater, w ould suggest that
cetaldehyde should be found approximately in the regions where 
ater and methanol are present too, which is what has been so

ar found (Bianchi et al. 2022 ). On the contrary, formamide has
efinitively a larger BE range, so that we predict formamide to 
riginate in a hotter region than that of acetaldehyde, which is indeed
hat is observed in the few cases where a similar analysis has been

arried out (e.g. Csengeri et al. 2019 ; Okoda et al. 2021 ; Bianchi
t al. 2022 ). 

In summary, with the high sensitivity of the new present facilities, 
uch as ALMA and NOEMA, very likely studies revealing a differ-
ntiation in the chemical species in hot cores/corinos will become 
ore an more available. We need to be prepared with studies similar

o the one reported here, where the BEs of more complex organic
olecules are estimated, so that we can appropriately interpret the 

stronomical observations. In turn, those observations can help to 
alidate our methods, for which so much uncertainty still persist. 

 C O N C L U S I O N S  

e presented TPD experiments and quantum chemical computations 
f the acetaldehyde BE on a pure acetaldehyde ice, and on crystalline
nd amorphous water ices. The main conclusions of this work are 
he following: 

(i) The experiments indicate that the acetaldehyde BE has a 
istribution of values. In the acetaldehyde ice, the BE has two main
nergy values, at about 4650 and 5250 K, with the peak around
250 K being about 10 times more frequent. In crystalline water ice,
he BE ranges between about 4600 and 5700 K, with a peak around
600–4800 K. In amorphous water ice, the BE ranges between about
600 and 5900 K, with a peak around 4800 K. The weighted average
n the three cases are 5150, 5080, and 4990 K, respectively. 

(ii) The theoretical calculations give BE values on the different 
ites of the used ice model. BEs spread o v er 5194 and 7253 K in the
ase of crystalline ice, and 2809–6038 K in the case of amorphous
ce. In the pure acetaldehyde ice, two extreme values of 2650 and
692 K are obtained. 
(iii) We discussed and showed the importance of the pre- 

xponential factor when deriving, comparing, and using BEs derived 
rom experiments and theoretical calculations. Remarkably, when 
he correct pre-exponential factor is used with the derived BE, 
xperiments and theory are in fair good agreement. 

(iv) A comparison of the the derived acetaldehyde BEs with those 
f other important species shows that acetaldehyde would desorb at 
emperatures lower than those at which water desorbs and even lower
emperatures with respect to formamide. 

(v) The large acetaldehyde BE challenges the explanation for its 
as-phase presence in cold ( ∼10 K) astronomical objects, especially 
f it is formed on the grain surfaces. The problem may be alleviated
f it is formed by gas-phase reactions. 

(vi) In hot cores/corinos, the measured and computed BE is 
n agreement with the observations of acetaldehyde originating in 
egions colder than formamide, whose BE is larger. 

Finally, our study shows the importance to extend the methodology 
dopted here to other molecules of astrochemical interest, such as 
thanol or formamide, which are nowadays routinely observed in 
stronomical objects and that show a spatial se gre gation probably
ue to their different BE. 
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aw C. J., Zhang Q., Öberg K. I., Galv ́an-Madrid R., Keto E., Liu H. B., Ho

P. T. P., 2021, ApJ , 909, 214 
e Roy L. et al., 2015, A&A , 583, A1 
ee C.-F., Codella C., Li Z.-Y., Liu S.-Y., 2019, ApJ , 876, 63 
ee C., Yang W., Parr R. G., 1988, Phys. Rev. B , 37, 785 
efloch B., Ceccarelli C., Codella C., Favre C., Podio L., Vastel C., Viti S.,

Bachiller R., 2017, MNRAS , 469, L73 
yakhov A. O., Oganov A. R., Stokes H. T., Zhu Q., 2013, Comput. Phys.

Commun. , 184, 1172 
anigand S. et al., 2020, A&A , 635, A48 
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