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A B S T R A C T 

We report ultra-high vacuum experiments on the non-thermal desorption of methanol (CH3 OH) from cold dust-grain ana- 
logues under hydrogen-atom bombardment. Monolayer methanol films on polycrystalline gold, compact amorphous solid 
water (ASW, 10 ML) and 13 CO ice (2 ML) are exposed to H atoms at 3 . 3 × 1012 cm−2 s−1 and Ts = 8 –12 K for up to 40 min. 
Films are monitored in situ by reflection absorption infrared spectroscopy and post-exposure by temperature-programmed 
desorption. The methanol content drops rapidly, plateauing after ∼20 min. Because the elevated H2 background precludes 
gas-phase detection, the depletions are upper limits to the chemical desorption efficiency: 52 ± 8 per cent on gold (12 
K) and 12 ± 3 per cent on ASW. Subtracting the maximum plausible contribution from undetected ice-phase products 
( � 15 –20 per cent cumulatively) brackets the true efficiency to ∼ 32 –52 per cent on gold and � 12 per cent on ASW. On 

13 CO, concurrent formation of 13 CH3 OH from CO hydrogenation prevents a quantitative measurement. We attribute the 
depletion to repeated H-abstraction and re-addition cycles on the methyl group. The process is most efficient on gold, where 
the physisorbed, closed-shell molecule couples only weakly to the metal’s phonon and electronic dissipation channels, and 
is suppressed on ASW, where the hydrogen-bonded network rapidly drains the reaction energy. Methyl-bearing interstellar 
complex organic molecules are susceptible to analogous abstraction–addition loops, but are also efficiently formed on grain 

surfaces, so desorption selectivity cannot be separated from formation efficiency with the present data. 

Key words: molecular processes – ISM: evolution – radiation mechanisms: non-thermal –methods: laboratory: solid 
state – ISM: molecules. 
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 INTRODUCTION  

ach phase of the formation of stars and planets is accom- 
anied by a particular set of molecular signatures that traces 
oth the physical conditions and the chemical evolution of 
he astrophysical environment (P. Caselli & C. Ceccarelli 2012 ). 
ethanol (CH3 OH) is the emblematic interstellar complex or- 
anic molecule (iCOM): It is easily detectable owing to its rich
otational spectrum, it is the only iCOM securely identified in 
nterstellar ices (A. C. A. Boogert, P. A. Gerakines & D. C. B. Whit-
et 2015 ; M. K. McClure et al. 2023 ; W. R. M. Rocha et al. 2024 ),
nd in radio-millimetric surveys the abundances of other iCOMs 
re frequently benchmarked against it (e.g. I. Jiménez-Serra et 
l. 2016 , 2021 ; S. Scibelli et al. 2024 ). In the pre-stellar phase,
he combination of high density ( > 104 cm−3 ), low temperature 
 < 15 K), and low UV illumination ( AV > 10 mag) should drive
ssentially complete freeze-out of heavy molecules onto grain 
urfaces (M. P. Collings et al. 2004 ; M. Minissale et al. 2022 ).
et, unexpectedly large gas-phase abundances of methanol and 
ther iCOMs have been reported towards numerous cold cores 
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A. Bacmann et al. 2012 ; I. Jiménez-Serra et al. 2016 ; A. Punanova
t al. 2018 ; S. Scibelli et al. 2021 ; A. Mégias et al. 2023 ; S. Scibelli
t al. 2024 ). 
The fundamental difficulty in explaining gas-phase iCOMs in 
ark cloud environments is that their gas-phase formation rates 
re low, their accretion rates onto grains are high, and thermal
esorption is ineffective at ∼10 K. 
Even if iCOMs can form on grain surfaces (T. Butscher et al.
015 ; G. Fedoseev et al. 2015 ; K.-J. Chuang et al. 2016 ; M. A. J. Si-
ons, T. Lamberts & H. M. Cuppen 2020 ; S. Ferrero et al. 2023b ),
on-thermal processes are needed to bridge the solid and gas 
hases. Several non-thermal desorption mechanisms have been 
tudied: photodesorption (K. I. Öberg et al. 2007 ; E. C. Fayolle et
l. 2011 ; M. Bertin et al. 2013 ), sputtering by cosmic-ray impacts
E. Dartois et al. 2019 ; V. Wakelam et al. 2021 ; C. Mejía et al. 2024 ),
nd electron-stimulated desorption (F. d. A. Ribeiro et al. 2015 ;
. A. K. Gadallah et al. 2017 ; N. G. Petrik & G. A. Kimmel 2018 ;
. Dupuy et al. 2020 ). For methanol specifically, photodesorp- 
ion is inefficient because UV irradiation predominantly leads to 
hotofragmentation rather than intact desorption (M. Bertin et al. 
016 ; G. A. Cruz-Diaz et al. 2016 ). M. Bertin et al. ( 2016 ) placed a
tringent upper limit on the intact CH3 OH photodesorption yield 
f � 3 × 10−5 photon−1 for Ly α irradiation of pure methanol 
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/by/4.0/), which permits unrestricted reuse, distribution, and

https://doi.org/10.1093/mnras/stag1471
http://orcid.org/0000-0001-8496-5763
mailto:saoud.baouche@cyu.fr
mailto:k.gadallah@azhar.edu.eg
mailto:francois.dulieu@cyu.fr
https://creativecommons.org/licenses/by/4.0/


2 K. A. K. Gadallah et al.

M

i  

N  

d  

s  

E
 

w  

t  

e  

M  

v  

i  

G  

c  

R  

e  

t  

o  

r  

c  

M  

d  

a  

p  

u  

a  

d  

d  

–  

M  

t  

s  

t  

i
 

t  

W  

e

H
C

w  

2  

t  

f  

 

i  

p
1

 

g  

T  

t  

s  

t  

p  

s

2

W  

v  

t  

T  

B  

c  

∼  

f  

p  

l  

(  

q  

i  

f  

r  

O  

c  

o  

t  

w  

t  

r  

t  

t  

c  

s  

T  

c  

d  

l
 

2  

w  

m  

1
 

a  

s
 

o  

t  

d  

2  

m  

t  

p  

t  

c  

i  

p  

2  

W  

r
 

s
g  

p  

m  

a  

t  

t  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/551/2/stag1471/8751122 by guest on 28 August 2026
ce at 10 K – orders of magnitude below yields typical of CO or
2 and insufficient on its own to sustain gas-phase methanol in
ense cold environments. Sputtering, although efficient, releases
pecies without chemical selectivity (T. A. Cassidy et al. 2013 ; R.
. Johnson et al. 2013 ). 
An alternative pathway is chemical (or reactive) desorption:
hen an exothermic surface reaction releases more energy than
he product’s binding energy, the newly formed species can be
jected directly into the gas phase (F. Dulieu et al. 2013 ; M.
inissale et al. 2016b ). This mechanism is particularly rele-
ant wherever H atoms are available to drive surface chemistry,
ncluding pre-stellar cores and photodissociation regions (J. R.
oicoechea et al. 2021 ). Astrochemical models have incorporated
hemical desorption from early on (R. T. Garrod & E. Herbst 2006 ;
. T. Garrod, S. L. Widicus Weaver & E. Herbst 2008 ; M. Ruaud
t al. 2015 ; A. I. Vasyunin et al. 2017 ), and recent models show
hat H-abstraction–addition loops are crucial for reproducing the
bserved gas-phase methanol abundances (M. Jin & R. T. Gar-
od 2020 ; I. Jiménez-Serra et al. 2025 ). However, experimental
onstraints on the chemical desorption efficiency remain scarce.
. Minissale et al. ( 2016b ) measured the per-reaction chemical
esorption probability for methanol on both oxidized graphite
nd non-porous ASW, finding it below their detection limit ( < 8
er cent per reaction event) on each substrate. Y. Oba et al. ( 2018 )
sed infrared spectroscopy to detect chemical desorption of water
nd formaldehyde formed on cold surfaces, but methanol was not
irectly measured. K.-J. Chuang et al. ( 2018 ) tracked the reactive
esorption of CO-hydrogenation products – including CH3 OH
on interstellar ice analogues under pre-stellar-core conditions.
ore recently, V. Bariosco et al. ( 2025 ) have drawn attention to
he possible role of thermal desorption from low-binding-energy
ites as an additional source of gas-phase methanol, a mechanism
hat depends sensitively on the binding-energy distribution of the
ce mantle. 
The formation of methanol from CO hydrogenation proceeds

hrough a sequence of H-addition and H-abstraction steps (N.
atanabe & A. Kouchi 2002 ; G. W. Fuchs et al. 2009 ; H. Hidaka
t al. 2009 ): 

CO + H −→ HCO , 

HCO + H −→ H2 CO , 

2 CO + H −→ CH3 O (or CH2 OH) , 
H3 O + H −→ CH3 OH , (1) 

ith H2 -abstraction competing at every step (K.-J. Chuang et al.
016 ). As shown by M. Minissale et al. ( 2016a ), chemical desorp-
ion can accompany each of these steps, and on graphite it was
ound to be the dominant product channel for CO hydrogenation.
In this paper, we study the effect of hydrogenation on methanol

ces exposed to H atoms on three substrates: gold, compact amor-
hous solid water (ASW), and 13 CO molecular ice. The use of 
3 CO as an isotopically labelled underlayer allows us to distin-
uish newly formed 13 CH3 OH from the pre-deposited 12 CH3 OH.
he desorption of methanol was monitored in situ using both
emperature-programmed desorption (TPD) and reflection ab-
orption infrared spectroscopy (RAIRS). In Section 2 , we describe
he experimental set-up; Section 3 presents the results; the astro-
hysical implications are discussed in Section 4 ; and the conclu-
ions are given in Section 5 . 
NRAS 551, 1–19 (2026)
 EXPERIMENTS  

e performed all experiments with the VENUS (VErs de NoU-
elles Synthèses) apparatus, an ultra-high vacuum (UHV) sys-
em based in the LIRA laboratory at CY Cergy Paris Université.
he apparatus is described in detail by E. Congiu et al. ( 2020 ).
riefly, VENUS consists of three interconnected stainless-steel
hambers. Chambers 1 and 2, held at pressures of ∼10−8 and
10−9 mbar, respectively, serve as differential pumping stages
or the atomic/molecular beamlines. Chamber 3 is the main ex-
erimental chamber, in which the base pressure is always be-
ow 2 × 10−10 mbar. The main chamber houses a sample holder
a polycrystalline gold mirror on a closed-cycle He cryostat), a
uadrupole mass spectrometer (QMS), and a Fourier-transform
nfrared spectrometer whose beam is aligned on the sample sur-
ace at a grazing angle of 85◦, providing RAIRS with a spectral
esolution of 2 cm−1 and an average of 256 scans per acquisition.
ne full acquisition (256 co-added scans at 2 cm−1 resolution) is
ompleted in approximately 2 min, so in situ spectra are obtained
n a 2 min cadence during H-atom exposure, setting the effective
ime resolution of the RAIRS monitoring. The 2 min cadence is
ell suited to the 5–40 min exposure durations but means that
he initial few minutes of the depletion – where the decay is most
apid, and on ASW where the plateau is effectively reached within
he first 5 min (see Section 3.2.2 and Fig. 8 ) – are sampled by only
wo to three data points. Consequently, the early-time kinetic rate
oefficients discussed in Sections 4.1 –4.1.4 are not tightly con-
trained and should be regarded as order-of-magnitude estimates.
he QMS is mounted 5 mm in front of the sample holder and
an translate vertically: in its upper position it measures species
esorbing from the surface during a TPD experiment, while in its
ower position it monitors the residual gas composition. 
Several independent beamlines pass through chambers 1 and

 into the main chamber via five 2-mm diaphragms aligned to-
ards the sample. One beamline was used to inject an effusive
olecular beam of CH3 OH; the others delivered H atoms and

3 CO. The beam flux of gaseous species was controlled by an
utomated regulator (Bronkhorst High-Tech, 1 sccm full-scale)
et at 10 per cent of maximum flow. 
Thin layers of methanol were deposited on the gold surface,
n compact ASW, and on 13 CO ice, all held at a fixed surface
emperature Ts > 8 K. The ASW and 13 CO ice substrates were
eposited onto the gold surface with fixed thicknesses of 10 and
 ML, respectively. For deposition techniques, both 13 CO and
ethanol were injected using two different beamlines, while wa-
er was introduced via a background line that raised the partial
ressure of water vapour in the chamber. Both methanol and wa-
er were purified in advance by multiple freeze–pump–thaw cy-
les. The thickness of deposited species was calibrated for all gas
njections using the TPD technique, employing the multilayer-
eak-appearance method (J. A. Noble et al. 2012 ; T. Nguyen et al.
018 ). One monolayer (1 ML) is defined as 1015 molecules cm−2 .
e estimate a calibration uncertainty of ±0 . 15 ML based on the
eproducibility of repeated depositions at the reference flux. 
H atoms were generated in a microwave-driven discharge
ource (Sairem Surfatron, 2.45 GHz, 80 W) fed with pure H2 
as, dissociating the molecular flow with an efficiency of � 71
er cent. The remaining ∼29 per cent of undissociated H2 is
olecular and is not expected to react chemically with methanol
t 8–12 K, as its thermal energy is far below any relevant activa-
ion barrier. The H beam is injected through an air-cooled quartz
ube, and the path length from the discharge region to the sample
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Table 1. Summary of the key quantitative results of this study. ‘TPD depl’. is the plateau depletion (upper limit to the chemical 
desorption efficiency) derived from the post-exposure TPD integrals at m/z = 32 (Section 3.1 ); ‘RAIRS depl’. is the analogous plateau 
reduction of the C–O stretch band area at 1045 ± 5 cm−1 (Section 3.2 ); tpl is the approximate time at which the curve reaches the plateau; 
Fpl is the corresponding cumulative H-atom fluence in ML equivalents (1 ML of H = 1015 atoms cm−2 , see Section 2 ); pCD is the per-cycle 
chemical desorption probability estimated from the back-of-the-envelope analysis of Section 4.1.3 assuming n � 2 abstraction–addition 
cycles per methanol molecule (with the corresponding correction discussed for ηr < 1 per-encounter reaction probability). The 13 CO 

experiments do not yield a reliable quantitative depletion because of the concurrent formation of 13 CH3 OH (Section 3.1.3 ); the entries 
marked with ‘–’ are therefore intentionally omitted. 

Substrate Ts (K) TPD depl. (%) 
RAIRS depl. 

(%) tpl (min) Fpl (ML) pCD (%)b , c Sections 

Gold 8 28 ± 5 25 ± 5 ∼ 20 ∼ 4 ∼ 15 –28 3.1.1 , 3.2.1 
Gold 10 37 ± 5 30 ± 5 ∼ 20 ∼ 4 ∼ 20 –37 3.1.1 , 3.2.1 
Gold 12 52 ± 8 50 ± 8 ∼ 20 ∼ 4 ∼ 31 –52 3.1.1 , 3.2.1 
ASW (10 ML) 8 12 ± 3a 12 ± 3a ∼ 5 –10 ∼ 1 –2 ∼ 5 –12 3.1.2 , 3.2.2 
ASW (10 ML) 10 12 ± 3a 12 ± 3a ∼ 5 –10 ∼ 1 –2 ∼ 5 –12 3.1.2 , 3.2.2 
ASW (10 ML) 12 12 ± 3a 12 ± 3a ∼ 5 –10 ∼ 1 –2 ∼ 5 –12 3.1.2 , 3.2.2 
13 CO (2 ML) 10 – (see text) – (see text) – – – 3.1.3 , 3.2.3 
13 CO (2 ML) 12 – (see text) – (see text) – – – 3.1.3 , 3.2.3 
a Averaged over the three surface temperatures; no statistically significant temperature dependence is detected on ASW within the 
experimental uncertainties (Sections 3.1.2 , 3.2.2 ). 
b The per-cycle probability pCD is given as an allowed range : the lower limit is the n = 2 , ηr = ηe = 1 estimate of Section 4.1.3 , and the 
upper limit is the cumulative depletion itself (the absolute upper bound, obtained when every successful cycle yields desorption with 
unit efficiency). 
c Carries an additional ±30 per cent systematic uncertainty from the absolute H-atom flux calibration (see Section 2 ). 

Figure 1. Schematic representations of methanol samples exposed to a 
flux of H atoms ( 3 . 3 × 1012 cm−2 s−1 ) on surfaces of gold (Au), ASW, and 
13 CO, as shown in cases (a), (b), and (c), respectively. In situ spectroscopic 
measurements (TPD and RAIRS) were simultaneously performed. The 
layers of methanol, ASW, and 13 CO are fixed at 1, 10, and 2 ML, respec- 
tively. 
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s approximately 120 cm. Crucially, no direct line-of-sight UV illu- 
ination from the discharge can reach the sample surface. We did
ot observe any spectroscopic evidence for UV-induced effects 
e.g. CO, H2 CO or other photolysis products of methanol). The 
ow discharge power and the long beam path strongly attenuate 
ny residual Lyman- α photon flux, and similar set-ups have been 
hown to contribute insignificant UV (E. Matar et al. 2008 ; F.
ulieu et al. 2010 ). We can place an order-of-magnitude upper
ound on the residual UV flux at the sample position from the
ischarge geometry. The microwave cavity emits an estimated Ly- 
luminosity of ∼ 1013 photon s−1 integrated over 4 π sr under our 
perating conditions (see Y.-J. Chen et al. 2014 , for a comparable
urfatron set-up). The three apertures (2 mm diameter) separat- 
ng inlet chambers from the main chamber subtend a geometric 
olid angle of ∼ 10−8 sr at the sample, and each time a stray
hoton undergoes a wall reflection along the 120 cm beam path,
ts intensity is reduced by at least an order of magnitude, since the
ube walls have poor reflectance at Ly- α wavelengths. Combining 
hese factors yields an upper bound on the residual Ly- α flux
t the sample of � 107 photon cm−2 s−1 , more than five orders
f magnitude below typical photodesorption-experiment fluxes 
 ∼ 1013 –1014 photon cm−2 s−1 ; M. Bertin et al. 2016 ) and insuf-
cient to produce detectable photolysis on our exposure time- 
cales. We therefore attribute all observed changes to reactions 
ith H atoms, not photolysis. 
The H-atom flux was calibrated by exposing a pre-deposited 

ayer of NO to H atoms and monitoring the exponential decay of 
he NO IR absorption band, following the procedure described 
y E. Congiu et al. ( 2020 ). We obtain an H-atom flux of 3 . 3 × 1012 
m−2 s−1 with an absolute uncertainty of ±30 per cent. Five min- 
tes of H-atom exposure removes approximately one layer of NO 

nder our conditions, which we adopt as the definition of ‘1 ML
quivalent of H delivered’. The ±30 per cent absolute flux uncer-
ainty cancels to first order in depletion ratios – every depletion 
ercentage is expressed as the ratio of two TPD integrals mea-
ured under identical flux conditions – but it propagates directly 
nto the absolute fluence delivered to the sample and, through 
t, into the number of abstraction–addition cycles per methanol 
olecule estimated in Section 4.1.3 . The per-cycle probabilities 
eported in Table 1 therefore carry an additional ±30 per cent
ystematic uncertainty beyond the quoted statistical error bars. 
Numerous methanol samples with a fixed thickness of 1 ML 
ere deposited on the three surfaces at surface temperatures 
s = 8 , 10, and 12 K. These samples were exposed to H atoms
or durations ranging from 5 to 40 min, corresponding to flu-
nces of 1 × 1015 to 8 × 1015 H-atoms cm−2 . Deposition phases 
nd H-atom exposures were monitored using RAIRS, and the 
amples were subsequently desorbed during a TPD run. The 
PD measurements were performed by heating the sample lin- 
arly according to T = T0 + βt with a ramp rate β = 0 . 2 K s−1 .
ig. 1 shows a schematic diagram of the three experimental con-
gurations. All TPD and RAIRS data presented in this work have
een corrected for day-to-day variations of the effusive methanol 
eam flux by normalizing to a reference value of 700 counts
er second (cps) measured with the QMS. The typical run-to- 
un variation in the methanol beam flux is ±15 per cent (peak-
o-peak), driven primarily by fluctuations in ambient tempera- 
MNRAS 551, 1–19 (2026)
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Figure 2. Integrated QMS area ( ATPD ) on the gold surface as a function 
of hydrogenation duration for Ts = 8 K (squares), 10 K (circles), and 12 
K (triangles), normalized to the non-processed value. Dashed horizon- 
tal lines indicate the plateau depletion for each temperature. Error bars 
represent the combined normalization and baseline uncertainties (±5 –8 
per cent). 
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ure. After normalization, the residual scatter in the integrated
PD areas of non-hydrogenated reference samples is±5 per cent,
hich we adopt as the statistical uncertainty on normalized TPD
ntegrals. We emphasize that the ±5 per cent figure refers to the
elative comparison of normalized TPD integrals (the quantity
ntering the depletion percentages reported in Section 3 ), not
o the absolute coverage. The absolute coverage of the 1 ML
ethanol film carries the larger calibration uncertainty of ±0 . 15
L quoted above, but since every depletion value is measured as
he ratio of two integrated TPD areas acquired under identical
eposition conditions, the absolute coverage uncertainty cancels
o first order and does not enter the error budget of the depletion
ercentages. 
Although our UHV facility includes a QMS, there are technical
ifficulties in using it during H-atom exposure. Hydrogen atoms
ecombine to form H2 in the chamber, raising the H2 partial
ressure and creating a high noise level in the QMS that masks
he subtle, transient signals expected from chemical desorption of 
ethanol. We therefore rely on the comparison of post-exposure
PD integrals and in situ RAIRS time-series to infer the extent
f desorption. This indirect approach provides no temporal res-
lution of the desorption process itself, in contrast with experi-
ents employing rotatable QMS (F. Dulieu et al. 2013 ) or during
xposure desorption detection (M. Minissale et al. 2016a ), which
an directly detect chemically desorbed species in real time. We
eturn to this methodological limitation in Section 4 . 

 RESULTS  

e present results from non-hydrogenated and hydrogenated
ethanol ices obtained at surface temperatures Ts = 8 , 10, and
2 K on gold and ASW, and at Ts = 10 and 12 K on 13 CO. The two
omplementary spectroscopic techniques (TPD and RAIRS) are
escribed in the following subsections. 

.1 TPD of methanol exposed to H atoms 

.1.1 Hydrogenation and Ts dependence on gold 

or methanol deposited on the bare gold surface, m/z = 32 TPD
urves were acquired at Ts = 8 , 10, and 12 K after H-atom expo-
ures of 0, 5, 10, 20, 30, and 40 min. The full set of 18 raw TPD
races is provided as Fig. S1 of the online supplementary material.
ll curves exhibit a maximum desorption temperature near 136
, characteristic of monolayer methanol. With increasing hydro-
enation time, the TPD peak area decreases progressively. 
Fig. 2 quantifies this decrease by plotting the normalized inte-
rated QMS area ( ATPD ) as a function of hydrogenation duration
or the three surface temperatures. For all temperatures, ATPD 
rops rapidly in the first 10–20 min and then converges towards
 plateau. The plateau values – representing the maximum frac-
ional loss after prolonged H exposure – are 28 ± 5 per cent at
 K, 37 ± 5 per cent at 10 K, and 52 ± 8 per cent at 12 K. These
ncertainties include the ±5 per cent statistical scatter from the
eam normalization procedure and an estimated±3 per cent sys-
ematic contribution from TPD baseline selection. 
The larger error bar at 12 K ( ±8 per cent against ±5 per cent at 8
nd 10 K) reflects a smaller number of repeated 12 K depositions
n our data set (three runs versus five at 8 and 10 K) and a cor-
espondingly less well-sampled baseline beneath the broadening
esorption shoulder at higher coverage-site energies (see below);
t is statistical in origin rather than physical. Given the impor-
NRAS 551, 1–19 (2026)
ance of the 12 K data point for the temperature-dependence
rgument developed below, the present three-run statistics, while
ess constraining than those at 8 and 10 K, are already suffi-
ient to establish the trend at the > 3 σ level between 8 and 12
. The ±3 per cent baseline contribution was derived by inte-
rating the same TPD curves using three independent baseline
rescriptions – a linear fit between the pre-onset and post-tail
lateaus ( T < 120 K, T > 160 K), a local polynomial fit following
he heating-rate-induced background, and a flat-baseline subtrac-
ion anchored at the asymmetric tail minimum near 160 K – and
aking the maximum deviation between the resulting integrated
reas. For the asymmetric desorption shoulders visible at 10 and
2 K, this yielded a spread of 2.4–3.2 per cent across the three
rescriptions; we adopt 3 per cent as a conservative upper bound.
he ±30 per cent uncertainty on the absolute H-atom flux does
ot affect the depletion ratios, since the efficiency is defined as
he fractional change in TPD area relative to the non-processed
eference, measured under identical flux conditions. 
Before interpreting the temperature trend on gold in terms of 
lm morphology, we explicitly consider and rule out the compet-
ng possibility that the excess depletion at 12 K reflects thermal
esorption from the weakest methanol binding sites during the
0–40 min H-atom exposure, rather than a chemical process. The
hermal desorption rate of a molecule bound by energy Eb follows
 first-order Polanyi–Wigner expression kdes = ν exp (−Eb /kB Ts )
ith a typical pre-exponential factor ν = 1012 s−1 . Methanol des-
rbs from polycrystalline gold around Tdes � 136 K in our TPD
races, corresponding to Eb � 4500 K. Even if we allow a broad
istribution of binding energies extending down to Eb ∼ 2000 K
or the weakest sites, the first-order thermal desorption lifetime at
2 K is τ = ν−1 exp (Eb /kB Ts ) ∼ 1060 s, many orders of magnitude
onger than the 40 min exposure. For a lower bound of Eb ∼ 500
 (far below any plausible methanol–gold binding energy) the
ifetime would still exceed 106 s. Thermal desorption is therefore
ompletely negligible at 12 K on the experimental time-scale, and
annot contribute to the increase from 28 per cent at 8 K to 52
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er cent at 12 K. The temperature trend must originate in the
hemistry. 
The observation that the depletion is larger at higher Ts is 

nitially surprising, as one might expect lower H-atom mobility at 
older temperatures to reduce reactivity. We attribute this trend 
o structural and dynamical changes in the methanol film: K. 
. K. Gadallah et al. ( 2020 ) showed that the sticking coefficient
f methanol on the same substrates decreases by approximately 
0 per cent as Ts increases from 7 to 16 K, indicating that the
orphology and bonding configuration of the methanol film are 
trongly temperature-dependent. A less coordinated film at 12 K 

in which a larger proportion of molecules occupy low-binding- 
nergy sites – would be expected to exhibit both lower sticking 
K. A. K. Gadallah et al. 2020 ) and higher chemical desorption
fficiency, since poorly coordinated molecules dissipate reaction 
nergy less effectively into the substrate. 
A second, complementary mechanism should also be consid- 
red: the surface mobility of H atoms on gold is expected to
ncrease with Ts , both because H adatom hopping rates scale as
xp (−Ediff /kB Ts ) and because the H residence time before desorp- 
ion grows with temperature in the regime below the desorption 
hreshold. On a polycrystalline gold surface, the diffusion barriers 
re modest and H atoms can explore several adsorption sites 
efore recombining into H2 or desorbing (see V. Wakelam et al. 
017 , and references therein). At higher Ts , each H adatom there-
ore samples a larger effective area of the methanol monolayer 
efore it is lost, so that the number of productive H + CH3 OH
ncounters per incoming H atom increases. This increase in the 
-encounter efficiency raises the cumulative depletion even if 
he intrinsic per-encounter reaction probability is temperature- 
ndependent. The morphological and mobility explanations differ 
n their implications for the per-cycle desorption probability (the 
ormer raises it through weaker binding of the reactive popu- 
ation; the latter leaves the per-cycle probability unchanged but 
ncreases the effective number of cycles per molecule) and are 
herefore not mutually exclusive. Distinguishing them quantita- 
ively would require either (i) varying the methanol coverage at 
xed Ts to decouple encounter probability from morphology, or 
ii) performing complementary measurements with different H- 
tom fluxes, as the encounter-probability explanation predicts a 
ifferent flux scaling from the morphological one. Such exper- 
ments are beyond the scope of the present study but are war-
anted by the present findings. This interpretation is physically 
lausible but remains qualitative; a quantitative link between 
lm morphology and desorption efficiency would require ded- 
cated structural characterization (e.g. via band-shape analysis 
f the O–H stretching mode), which is beyond the scope of the
resent study. 

.1.2 Hydrogenation and Ts dependence on ASW 

n the 10 ML compact ASW substrate, the methanol TPD curves
xhibit two peaks: the first at Td � 138 K (monolayer desorp-
ion from the ASW surface) and the second at Td � 155 K (co-
esorption with the water substrate; see fig. 4 of K. A. K. Gadallah
t al. 2020 ). The complete set of raw ASW TPD traces, with the
caled H2 O ( m/z = 18 ) signal overlaid for reference, is provided
s Fig. S2 of the online supplementary material. The total inte-
rated TPD area (both peaks combined) shows a modest decrease 
ith hydrogenation (Fig. 3 ), with the reduction being confined 
ainly to a range below 10 per cent and showing a plateau-like
ehaviour. 
To separate the two contributions, we fitted each TPD curve 
ith two Gaussian components. The integrated area of the first
eak ( Td � 138 K) decreases by 28–37 per cent with hydrogena-
ion, while the second peak ( Td � 155 K) shows a noticeable
ncrease . This could indicate that methanol molecules not inter- 
cting with the water ice matrix were more susceptible to H-
tom chemistry, while those trapped within the ASW remained 
nreactive. An alternative explanation is that H-atom exposure 
romotes the diffusion of a fraction of the surface methanol into
he ASW bulk, increasing the proportion co-desorbing with water 
t 155 K and decreasing the monolayer peak accordingly. Both 
ffects would reduce the apparent methanol depletion measured 
ia the total TPD integral. 
The deconvolution was performed with a standard non-linear 

east-squares algorithm (Levenberg–Marquardt), fitting the sum 

f two Gaussian components to each TPD trace in the interval
20 ≤ T ≤ 170 K after baseline subtraction. The peak centres 
ere constrained to T (1) 

d = 138 ± 1 . 5 K and T (2) 
d = 155 ± 1 . 5 K,

.e. allowed to shift within narrow windows centred on the values
dentified in the non-hydrogenated reference spectra, while the 
eak widths ( σ1 , σ2 ) and amplitudes ( A1 , A2 ) were left as free
arameters. Keeping the centres semi-constrained was necessary 
ecause the two peaks are only partially resolved at our ramp rate;
eaving them fully free caused the fitter to converge to degenerate
olutions in which one broad Gaussian absorbed both features. 
o probe sensitivity to the starting parameters, we repeated the 
t with three initial guesses spanning ±20 per cent in the initial
eak amplitudes and ±30 per cent in the initial widths, and com-
ared the converged integrated areas. The spread in the resulting 
ntegrated areas of each component was consistently below 10 
er cent, which we adopt as the deconvolution uncertainty. We 
ote that Gaussian profiles are an empirical approximation: rig- 
rous first-order (Polanyi–Wigner) TPD line shapes are asymmet- 
ic, with a slow-rising low-temperature flank and a sharp high- 
emperature cut-off. Allowing asymmetric profiles (modelled as 
 split-Gaussian or as a direct Polanyi–Wigner form with a distri-
ution of binding energies) shifts the individual component areas 
y up to ∼ 5 per cent additional to the 10 per cent spread reported
bove, but leaves the total integrated area – the quantity used to
ompute the depletion percentages – invariant within our quoted 
ncertainties. This asymmetry-related systematic is accordingly 
ubsumed into the ±3 per cent baseline contribution but should 
e kept in mind when interpreting the separation between the 
onolayer and co-desorption components. 
Taking the total (unseparated) TPD integral, the overall 
ethanol depletion on ASW is 12 ± 3 per cent, averaged across
emperatures, with no statistically significant temperature depen- 
ence within the experimental uncertainties. The ‘cage’ effect 
f the hydrogen-bonding network in ASW – in which strongly 
ound methanol molecules are shielded from H atoms and ef- 
ciently dissipate the exothermic reaction energy into the ice 
atrix – is the most plausible explanation for the much lower 
epletion on ASW compared with gold. The binding energy of 
ethanol in ASW has a broad distribution extending to > 5000 K
M. P. Collings et al. 2004 ; S. Ferrero et al. 2020 ; M. Minissale et
l. 2022 ), and the exothermicity of the H-addition step (∼4 eV for
adical recombination) is more than sufficient to overcome the 
eakest binding sites but is rapidly channelled into the phonon 
odes of the ASW lattice for strongly bound molecules. 
MNRAS 551, 1–19 (2026)



6 K. A. K. Gadallah et al.

M

Figure 3. Same as Fig. 2 , but for the compact ASW surface. Left , middle , and right panels show results at Ts = 8 , 10, and 12 K, respectively. The three 
symbol types refer to the first TPD peak (triangles), the second peak (circles), and the total (squares). 
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A critical alternative interpretation that must be explicitly con-
idered is that the entire 12 per cent loss on ASW reflects not
hemical desorption but rather H-atom-induced redistribution of 
ethanol into the ice bulk. Three distinct redistribution channels
ould contribute: (i) diffusion into deep interior sites whose co-
esorption with ASW occurs above the monitored TPD range
 T > 180 K) and is therefore lost from the integrated signal; (ii)
iffusion into sites whose desorption is so slow and spread out in
emperature that it blends into the TPD baseline and is subtracted
uring integration; and (iii) redistribution from the 138 K mono-
ayer site into the 155 K co-desorption site, already visible as the
ncrease of the second peak with hydrogenation. Channel (iii) is
nternally accounted for in the total-area depletion and therefore
annot be responsible for the remaining 12 per cent loss of the
ummed signal. Channels (i) and (ii), however, cannot be ruled
ut by the total-area measurement alone. We can partially bound
he combined magnitude of (i) and (ii) by noting that the ASW
ater band shows no detectable change at either the 3200 cm−1 

r 1600 cm−1 region after 40 min of H-atom exposure (Section
.2 ), implying that the ASW structure is not significantly rear-
anged; major bulk reorganization of the hydrogen-bonded water
etwork, which would be required to incorporate a substantial
ethanol column, is therefore disfavoured. We also note that our
onitored TPD range extends to 180 K, above the ASW multi-
ayer desorption at ∼ 160 K, so channel (i) contributions from
enuinely deep trapping would already be captured. Nonethe-
ess, because we cannot independently quantify the fraction of 
ethanol that may have diffused into sub-surface interstitial
ites inaccessible to our TPD window or RAIRS beam, we must
oncede that the ASW 12 per cent depletion could in principle
e explained entirely by non-desorptive redistribution. The true
hemical desorption efficiency on ASW is therefore better stated
s an upper limit of � 12 per cent, consistent with zero within this
edistribution caveat. This is the most conservative reading of our
SW data and is reflected in the revised abstract. The ASW data
hus bracket the chemical desorption efficiency from above; a
efinitive lower bound would require a direct gas-phase detection
xperiment, which is beyond the reach of the present indirect
echnique. 
NRAS 551, 1–19 (2026)

p  
.1.3 Hydrogenation and Ts dependence on 13 CO 

n the 13 CO ice substrate, data sets were acquired at Ts = 10 and
2 K only; we did not perform a companion experiment at 8 K be-
ause the 13 CO-substrate run already serves only as a qualitative
onsistency check. As shown below, concurrent hydrogenation of 
he 13 CO underlayer to CH3 OH already precludes a quantitative
easurement at 10 and 12 K, and the longer H-atom residence
ime on 13 CO at 8 K would accelerate the H + 13 CO → · · · →
3 CH3 OH chain still further, so the in situ formation of 13 CH3 OH
rom the underlayer would dominate the m/z = 32 signal even
ore strongly than at 10 and 12 K, leaving no recoverable deple-
ion signature from the pre-deposited overlayer. The m/z = 32
PD integral first decreases by ∼10 per cent within the first 10
in and then increases dramatically, reaching +70 per cent at 10
 and +7 per cent at 12 K after 40 min (Fig. 4 ). This behaviour
eflects the concurrent hydrogenation of the 13 CO underlayer to
orm 13 CH3 OH, whose parent ion (13 CH3 OH+ , m/z = 33 ) and its
ragment 13 CH2 OH+ both contribute to the m/z = 32 channel.
s a consequence, the m/z = 32 signal on 13 CO contains an
nseparable mixture of the original 12 CH3 OH and newly formed
3 CH3 OH fragments. The complete set of raw 13 CO TPD traces at
s = 10 and 12 K is provided as Fig. S3 of the online supplemen-
ary material. 
To track the 13 CO hydrogenation products, we monitored
/z = 31 (corresponding to H13 

2 CO, i.e. formaldehyde with 13 C,
esorbing near 100 K) and m/z = 33 (13 CH3 OH, desorbing near
40 K). Fig. 5 shows the evolution of these TPD curves with
ydrogenation time at Ts = 10 K. The appearance and growth
f both m/z = 31 and m/z = 33 peaks with increasing H-
xposure clearly demonstrates the progressive hydrogenation of 
3 CO through formaldehyde to methanol. 
A tentative signal near 170 K in the m/z = 33 channel could

ndicate the presence of a heavier hydrogenation product such
s glycolaldehyde (HOCH2 CHO), which desorbs in the 170–200
 range from interstellar ice analogues (e.g. K.-J. Chuang et al.
016 ). A contribution to the m/z = 33 channel from 13 C-bearing
ragment ions of such heavier species cannot be excluded, though
he specific fragmentation pattern at this mass has not been inde-
endently calibrated under our conditions. The signal-to-noise
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Figure 4. Integrated QMS area ( ATPD ) on the 13 CO surface as a function 
of hydrogenation time for Ts = 10 K (circles) and 12 K (triangles), normal- 
ized to the non-processed value. Annotations give the net change after 
40 min of exposure ( +70 and +7 per cent at 10 and 12 K, respectively). 
The dashed line marks the −10 per cent level reached at the turning point 
( ∼10 min). 
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Figure 5. TPD curves of CH3 OH on 13 CO at Ts = 10 K for m/z = 

31 ( left ) and m/z = 33 ( right ), showing the progressive appearance of 
H13 
2 CO and 13 CH3 OH with increasing H-atom exposure (0–40 min, top 

to bottom). Vertical grey dashed lines mark the characteristic desorption 
temperatures of H13 

2 CO ( ∼ 100 K) and 13 CH3 OH ( ∼ 140 K). 
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atio is however insufficient for a definitive assignment of this 
inor feature, and we quote it only as suggestive evidence for
lycolaldehyde-type chemistry. 
The initial ∼10 per cent decrease at m/z = 32 within the first
0 min (i.e. before the upward trend driven by 13 CH3 OH for- 
ation becomes dominant) is suggestive of chemical desorption 
f the pre-deposited 12 CH3 OH. We caution, however, that this 
gure is not a statistically secure detection of desorption. Its 
agnitude is only two to three times the combined run-to-run 
ormalization scatter (±5 per cent) and TPD baseline uncertainty 
±3 per cent), and it is obtained at a point where the 13 CH2 OH+ 

ragmentation signal at m/z = 32 is already rising from zero: 
 small, early-phase positive contribution from 13 CH3 OH frag- 
ents would partially compensate an even larger true 12 CH3 OH 

oss, while a larger early-phase contribution would mimic a spu- 
ious 12 CH3 OH decrease. Without a quantitative calibration of 
he 13 CH3 OH cracking pattern – which we cannot independently 
etermine under our conditions – the 10 per cent figure is there-
ore best interpreted as a lower turning-point in the combined 
ignal, rather than as a chemical desorption efficiency per se. 
e consequently do not quote a 12 CH3 OH chemical desorption 
fficiency on 13 CO as a numerical result, and throughout the 
iscussion (Section 4 ) we treat the 13 CO experiment as qualitative 
orroboration of active methanol chemistry (simultaneous deple- 
ion and re-formation from CO hydrogenation) rather than as a 
uantitative measurement. 
We monitored additional masses ( m/z = 16 , m/z = 18 ,
/z = 29 , m/z = 30 ) on the 13 CO surface but did not observe
lear desorption features attributable to formaldehyde, methane, 
r water formation above the noise level. Given our QMS sen-
itivity at 1 ML total coverage, individual products at concen- 
rations below ∼5 per cent of the initial methanol column (i.e. 
 5 × 1013 molecules cm−2 ) would not produce detectable peaks. 
his detection-limit estimate is important for the interpretation 
n Section 4 . 
.2 Methanol RAIRS spectra 

AIRS provides a complementary, in situ probe of the methanol 
ce during H-atom exposure. Unlike TPD, which is an a posteriori
easurement, IR spectra are acquired every two minutes during 
he experiment. In all cases, methanol is characterized by its C–O
tretching band centred at 1045 ± 5 cm−1 . 
A four-panel summary of the full-range RAIRS spectra on all 

hree substrates before and after 40 min of H-atom exposure is
rovided as Fig. S4 of the online supplementary material. Quali- 
atively, on ASW no measurable change in the water IR bands is
bserved after hydrogenation, confirming that H atoms did not 
ppreciably consume or sputter the ASW underlayer. On gold, 
oth the O–H stretching (∼3300 cm−1 ) and the aliphatic C–H 

tretching (∼2830 –2960 cm−1 ) bands show changes upon hydro- 
enation, consistent with processing of the methanol film. On the 
3 CO substrate, the strong 13 CO absorption near ∼2094 cm−1 is 
lso visible and provides an internal reference against which the 
ethanol-band evolution can be compared. 
MNRAS 551, 1–19 (2026)



8 K. A. K. Gadallah et al.

M

3

F  

a  

e  

w  

m  

s  

t  

T  

a
2  

t  

w  

a  

i  

i  

2
 

p  

s  

l  

B  

o  

p  

T  

d  

o  

a  

t  

t  

t  

r  

o

3

O  

m  

n  

p  

t  

u  

l  

d  

c  

u  

s

3

O  

h  

9  

a  

+  

t  

o
 

s  

(  

2

2  

r  

b  

i  

1
 

u  

p  

m  

r  

K  

F  

c  

S  

i

3

T  

c  

e  

p  

s  

s  

d

4
I

4

T  

d  

d  

p  

a

C
C

R  

v  

2  

∼  

c  

p  

e

4

B  

c  

t  

p  

d  

t  

v  

r  

t  

c

 

m  

c  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/551/2/stag1471/8751122 by guest on 28 August 2026
.2.1 RAIRS: gold surface 

ig. 6 displays the evolution of the methanol C–O stretch band
t 1045 ± 5 cm−1 on gold at Ts = 8 , 10 and 12 K for H-atom
xposures of 0–40 min. The peak maximum shifts slightly to-
ards the red wing with hydrogenation, indicating a structural
odification of the methanol film, and the integrated inten-
ity decreases. Fig. 7 shows the absolute and normalized in-
egrated C–O band areas as functions of hydrogenation time.
he normalized profiles display the same rapid initial decay
nd plateau seen in the TPD data, with plateau reductions of 
5 ± 5 , 30 ± 5 and 50 ± 8 per cent at 8, 10, and 12 K, respec-
ively. These values agree, within the combined uncertainties,
ith the TPD-derived depletions in Section 3.1.1 ( 28 ± 5 , 37 ± 5
nd 52 ± 8 per cent). The small residual differences in the start-
ng absolute band areas reflect the temperature-dependent stick-
ng coefficient of methanol on gold (K. A. K. Gadallah et al.
020 ). 
The quantitative agreement between the RAIRS and TPD de-
letion values is an important internal cross-check. RAIRS inten-
ities are, in principle, sensitive to the orientation of the molecu-
ar dipole with respect to the metal substrate (R. Ben David, A.
en Yaacov & B. Eren 2021 ), so a morphological reorientation
f the methanol film induced by H-atom bombardment could in
rinciple modify the apparent band area without a real mass loss.
he fact that RAIRS and TPD – techniques that probe completely
ifferent observables (IR dipole absorption versus the total des-
rbed column) – return consistent depletion percentages on gold
rgues against orientation effects being a dominant confound on
his substrate. By extension, the same argument applies qualita-
ively to the ASW and 13 CO substrates where the RAIRS and TPD
rends are also consistent (Sections 3.2.2 and 3.2.3 ), although we
ecognize that morphological effects cannot be completely ruled
ut and return to this point in Section 4.1.1 . 

.2.2 RAIRS: ASW surface 

n the ASW surface the methanol C–O stretch shows a more
odest evolution than on gold. Fig. 8 displays the absolute and
ormalized integrated band areas: after an initial drop of 12 ± 3
er cent averaged across all temperatures within the first 5 min,
he band area stabilizes. The full waterfall of C–O stretch spectra
sed to compute these integrals is provided as Fig. S5 of the on-
ine supplementary material. This percentage matches the TPD-
erived total-area depletion (Section 3.1.2 ); no statistically signifi-
ant temperature dependence is detected within the experimental
ncertainties. The physical interpretation is discussed with the
ubstrate comparison in Section 4.2 . 

.2.3 RAIRS: 13 CO surface 

n the 13 CO substrate the methanol band at 1045 ± 5 cm−1 be-
aves qualitatively differently from the other two surfaces. Fig.
 shows that at 10 and 12 K the integrated band area increases
fter an initial slight decrease, reaching +30 per cent at 10 K and
17 per cent at 12 K after 40 min. As in the corresponding TPD
race (Section 3.1.3 ), this trend reflects the progressive formation
f 13 CH3 OH from hydrogenation of the 13 CO underlayer. 
The C–O stretching mode of 13 CH3 OH lies near ∼1000 cm−1 ,

hifted by ∼30 –40 cm−1 to lower frequency relative to 12 CH3 OH
R. Martín-Doménech, G. M. Muñoz Caro & G. A. Cruz-Díaz
016 ; A. Vyjidak et al. 2026 ), and at our spectral resolution of 
NRAS 551, 1–19 (2026)
 cm−1 and signal-to-noise ratio the 13 CH3 OH band cannot be
esolved cleanly from the low-frequency tail of the 12 CH3 OH
and. Our integration window (1040–1050 cm−1 ) may therefore
nadvertently capture a small contribution from the emerging
3 CH3 OH band, which would bias the apparent 12 CH3 OH area
pward. The waterfall of 13 CO C–O stretch spectra used to com-
ute these integrals is provided as Fig. S6 of the online supple-
entary material, and a direct comparison of the C–O stretch
egion on the polycrystalline gold and 13 CO substrates at Ts = 12
 – which makes the band-tail overlap explicit – is shown in
ig. S7 of the online supplementary material. For this reason, in
ombination with the mass-spectrometric ambiguities detailed in
ection 3.1.3 , the RAIRS data on 13 CO do not provide a reliable,
ndependent constraint on the chemical desorption efficiency. 

.3 Summary of quantitative results 

able 1 consolidates the key quantitative results of this study,
ompiled independently from the TPD and RAIRS data sets. For
ach substrate, we list the plateau depletion fraction at each tem-
erature (an upper limit to the chemical desorption efficiency,
ee Sections 4.1.1 and 4.1.2 ), the approximate time at which the
ignal reaches the plateau, and our estimated per-cycle chemical
esorption probability. 

 DISCUSSION  AND  ASTROPHYSICAL  

MPLICATIONS  

.1 Interpretation of the methanol depletion 

he central observation of this study is that solid methanol is
epleted upon H-atom exposure on all three substrates, with the
epletion reaching a plateau after ∼20 min. We attribute this de-
letion primarily to chemical desorption driven by H-abstraction
nd re-addition cycles on the methyl group: 

H3 OH + H −→ CH2 OH + H2 , (2) 
H2 OH + H −→ CH3 OH . (3) 

eaction ( 2 ) is slightly endothermic ( ∼2 kJ mol−1 ) and proceeds
ia quantum tunnelling under our conditions (H. Hidaka et al.
009 ). Reaction ( 3 ), a barrier-less radical recombination, releases
4 eV of chemical energy. If a sufficient fraction of this energy
ouples to the molecule–surface bond rather than being dissi-
ated into the substrate phonons, the reformed methanol can be
jected into the gas phase. 

.1.1 Possible fates of the missing methanol 

efore interpreting the measured solid-phase depletion as a
hemical desorption efficiency, we must explicitly acknowledge
hat our technique – the disappearance of 12 CH3 OH from the
ost-exposure TPD and in situ RAIRS signals – does not directly
etect the species released into the gas phase. As noted in Sec-
ion 2 , the elevated H2 background during H-atom exposure pre-
ents reliable QMS monitoring of m/z = 31 and m/z = 32 in
eal time. The ‘missing’ methanol could in principle correspond
o any of the following fates, and a rigorous interpretation must
onsider each in turn: 

(a) Gas-phase desorption (chemical desorption). The exother-
ic H + CH2 OH addition step releases enough energy to over-
ome the molecule–surface bond and eject a fraction of the newly
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Figure 6. Methanol C–O stretching band at 1045 ± 5 cm−1 for 1 ML deposited on the gold surface at Ts = 8 K ( left ), 10 K ( middle ), and 12 K ( right ). 
Spectra are shown for H-atom exposures of 0, 5, 10, 20, 30, and 40 min (bottom to top). 

Figure 7. Methanol C–O stretch band area on the gold surface. Left : absolute integrated area ( A1045 ±5 cm 

−1 ) versus hydrogenation time for Ts = 8 K 

(squares), 10 K (circles), and 12 K (triangles). Right : same data normalized to the initial value. Dashed horizontal lines indicate the plateau depletion at 
the end of hydrogenation. Error bars reflect the baseline-fitting uncertainty of the IR integration. 
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eformed methanol, as discussed in M. Minissale et al. ( 2016a , b ).
his is the process we are ultimately interested in, and we argue
elow that it is the dominant contribution on gold. 
(b) Conversion to surface products below our QMS detec- 

ion threshold. Stable or long-lived products of the H-driven 
ethanol chemistry – CH2 OH, CH3 O, H2 CO, ethylene gly- 
ol (HOCH2 CH2 OH), glycolaldehyde (HOCH2 CHO), or heavier 
pecies –would appear in the post-exposure TPD at characteristic 
emperatures. Our detection limit of ∼5 per cent relative to the 
nitial 1 ML methanol column (∼5 × 1013 molecules cm−2 per 
pecies, see Section 3.1.3 ) leaves room for a cumulative � 15–
0 per cent of unresolved product population distributed across 
everal channels; the mass balance reported in Section 4.1.2 quan-
ifies this upper bound. 
MNRAS 551, 1–19 (2026)
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Figure 8. Same as Fig. 7 , but for the ASW surface. The dashed horizontal line marks the average depletion ( 12 ± 3 per cent) across all temperatures. 

Figure 9. Same as Fig. 7 , but for the 13 CO surface at Ts = 10 K (circles) and 12 K (triangles). The dashed lines indicate the percentage change (increase) 
at 40 min of hydrogenation. 
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(c) Bulk diffusion into the ASW or 13 CO substrates. H-driven
obility could translate a fraction of the surface methanol into
nterior sites that desorb at higher temperature, rather than eject-
ng it into the gas phase. On ASW this is already visible as a redis-
ribution between the 138 K and 155 K peaks (Section 3.1.2 ), and
ould reduce the apparent depletion rather than inflate it. On
old no bulk diffusion is possible into the polycrystalline metal. 
(d) Morphological/orientation changes in the ice film. RAIRS

ntensities depend on the dipole orientation of adsorbates with
espect to the metal surface (R. Ben David et al. 2021 ); an H-atom–
nduced reorientation of the methanol film could in principle
lter the integrated band area without real mass loss. However,
s noted in Section 3.2.1 , the quantitative agreement between
he RAIRS and TPD depletion values on gold (∼25 –50 per cent
y both techniques at 8–12 K) argues against orientation effects
eing the dominant cause of the observed band-area decrease,
ince TPD integrates the full desorbed column and is insensitive
o orientation. 

The remainder of this section is devoted to quantitatively con-
training fates (b)–(d) and to showing that, at least on gold, fate (a)
s the most parsimonious explanation of the bulk of the observed
NRAS 551, 1–19 (2026)
epletion. On ASW the interpretation is less clean because fates
c) and (d) cannot be fully separated; on 13 CO the concurrent
uild-up of newly formed 13 CH3 OH introduces an additional
omplication discussed in Section 3.1.3 . 

.1.2 Upper-limit interpretation 

e emphasize that the measured depletion is an upper limit to
he chemical desorption efficiency, not a direct measurement.
he missing methanol could partly reside in: (i) ice-phase re-
ction products (CH2 OH, H2 CO, CH3 O, or heavier species such
s ethylene glycol intermediates) that remain at sub-monolayer
oncentrations below our QMS detection threshold; (ii) methanol
olecules that have diffused into the bulk of the ASW or 13 CO
ubstrate; or (iii) species whose TPD signals overlap with moni-
ored masses and are not individually resolved. 
To constrain possibility (i), we performed comprehensive mass
cans on the 13 CO substrate covering m/z = 16 , m/z = 18 ,
/z = 29 , m/z = 30 , m/z = 31 , m/z = 32 , and m/z = 33 .
f these, only H13 

2 CO ( m/z = 31 ) and 13 CH3 OH ( m/z = 33 )
howed definite product signals, and their combined contribu-
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ion accounts for a minor fraction of the missing m/z = 32 sig-
al. No distinct peaks were found at m/z = 29 or m/z = 30 (po-
ential formaldehyde/glycolaldehyde fragments), and m/z = 16 
CH4 ) was undetectable. Given the detection limit of ∼5 per cent 
er species relative to the initial 1 ML methanol column, un-
etected products could in principle account for up to ∼15 –20 
er cent of the depletion if distributed across three or four prod-
ct channels. However, this is a worst-case scenario, and the fact 
hat no new products are observed even at the most sensitive
ass channels supports the interpretation that the majority of the 
issing methanol left the solid phase via desorption. We there- 
ore retain the depletion values as reasonable, albeit formally 
pper-limit, estimates of the chemical desorption efficiency. 
For completeness, and in response to the need for a more
xplicit quantitative constraint on the true chemical desorption 
fficiency, Table 2 reports the allowed range on each substrate 
btained by subtracting the maximum plausible undetected- 
roduct contribution from the measured depletion. We distin- 
uish three scenarios: (a) an optimistic case in which all unde-
ected products lie below their individual detection limits but 
heir cumulative contribution is negligible (no subtraction); (b) 
 central case in which the cumulative contribution is half of 
he worst-case 15–20 per cent estimate (i.e. 7.5–10 per cent sub-
racted); and (c) a conservative case in which the full 20 per cent is
ubtracted. On gold at 12 K the total depletion is 52 ± 8 per cent,
iving a true chemical desorption efficiency in the range ∼ 32 –
2 per cent (case c to case a). On gold at 8 K and 10 K, the same
ubtraction yields ∼ 8 –28 per cent and ∼ 17 –37 per cent, respec-
ively. On ASW, where the total depletion is only 12 ± 3 per cent,
he worst-case subtraction of 20 per cent formally pushes the 
entral estimate below zero, i.e. the observed depletion is fully 
onsistent with no chemical desorption at all if undetected prod- 
cts together with bulk redistribution (Section 3.1.2 ) account for 
he entire signal. Accordingly, on ASW we report the chemical 
esorption efficiency as an upper limit � 12 per cent, rather than
 two-sided range. A complementary internal cross-check is pro- 
ided by the 13 C-labelled 13 CO substrate (Section 3.1.3 ), where the 
nly solid-phase products detected above 5 per cent are H13 

2 CO 

nd 13 CH3 OH, and the combined yield of these products is a mi-
or fraction of the m/z = 32 deficit – supporting the view that on
hemically inert substrates the undetected-product contribution 
s in the lower half of the 15–20 per cent range. 
Throughout this paper, all reported efficiency values should be 
nderstood as upper limits to the chemical desorption efficiency. 

.1.3 Reconciliation with per-event efficiencies 

he cumulative depletion fractions reported here (up to 52 
er cent on gold) appear much larger than the per-reaction 
hemical desorption probability of < 8 per cent measured by M.
inissale et al. ( 2016b ) for methanol on graphite. These are,
owever, conceptually different quantities: the per-reaction prob- 
bility applies to a single abstraction or addition event, while our
easurement reflects the cumulative effect of many such events 
ver ∼20–40 min of continuous H-atom exposure. 
A simple back-of-the-envelope estimate illustrates the consis- 

ency. At our H-atom flux of 3 . 3 × 1012 cm−2 s−1 , the total fluence
elivered in 20 min is F = 3 . 3 × 1012 × 1200 ≈ 4 × 1015 H cm−2 ,
r roughly 4 ML of H-atom equivalents incident on the 1015 
olecules cm−2 methanol layer. Each methanol molecule there- 
ore encounters, on average, ∼4 H atoms over 20 min. If, as
e argue, ∼2 H atoms are consumed per complete abstraction–
ddition cycle (one for abstraction, one for re-addition), then each 
ethanol molecule undergoes ∼2 cycles on average before the 
lateau is reached. If each cycle carries a chemical desorption 
robability of pCD ∼ 0 . 15 –0.25 on gold, the cumulative probabil-
ty of desorption after n = 2 cycles is P = 1 − (1 − pCD )n ≈ 0 . 28 –
.44, which is of the same order as the observed 28–52 per cent
epletion. On ASW, where energy dissipation into the substrate 
s more efficient, pCD is expected to be lower ( ∼0.05), giving
 ≈ 0 . 10 after two cycles, consistent with the 12 ± 3 per cent
bserved. We emphasize that the fluence F � 4 × 1015 H cm−2 

nd the resulting cycle count n ≈ 2 carry the ±30 per cent abso-
ute calibration uncertainty on the H-atom flux (Section 2 ). This
ystematic propagates linearly into n and therefore into the per- 
ycle probability pCD inferred below, in addition to the statistical 
ncertainties on D; the figures quoted in this subsection and in
able 1 should be understood with that caveat. 
The above estimate assumes unit reaction probability for 
oth the abstraction (Reaction 2 ) and the addition (Reaction 3 )
teps: i.e. that every H-atom encounter with a surface methanol 
olecule consumes an H and drives the system one step around
he abstraction–addition cycle. It also implicitly assumes that 
very H atom incident on the surface finds a methanol molecule
uring its residence time; in practice this is not guaranteed, be-
ause competing H-atom sinks (H + H → H2 recombination on 
he bare gold, H desorption) and the limited H-atom diffusion 
ength during the residence time both reduce the probability that 
n arriving H atom ever reaches a CH3 OH adsorbate. To avoid
onflating these two distinct effects, we now explicitly separate 
he per-encounter reaction probability ηr (the probability that 
n H atom already co-located with a CH3 OH reacts, equation 2
r 3 ) from the encounter probability ηe (the probability that an
ncoming H atom encounters a CH3 OH molecule at all, before 
eing lost to recombination or desorption). The effective per- 
ncident-H reaction probability is then η = ηr ηe , and the number 
f completed cycles per CH3 OH molecule is neff = η n with n ≈ 2
he ratio of delivered H fluence to methanol column density. 
n practice the abstraction step carries a tunnelling-dominated 
ctivation barrier (H. Hidaka et al. 2009 ), so a significant fraction
f H-atom encounters return to the gas phase (or recombine 
nto H2 ) without triggering a cycle; this contributes primarily 
o ηr < 1 . The encounter probability ηe depends on surface cov-
rage (unity for a full CH3 OH monolayer if the H-atom diffu-
ion length is longer than the inter-CH3 OH spacing), H-atom 

iffusion barriers, and the competing H + H recombination 
ate. For our 1 ML methanol coverage on gold, ηe is close to
nity, since essentially every surface site is occupied by a CH3 OH
olecule and the H-atom diffusion length on gold at 10–12 K
xceeds the inter-adsorbate spacing ( ∼ 3 Å ; V. Wakelam et al. 
017 ). On ASW and 13 CO, CH3 OH occupies only the topmost 
ayer of a thicker underlayer, so ηe is effectively unity for H
toms arriving at the surface but becomes less than unity for
 atoms that have already diffused into the underlayer without 
ncountering a CH3 OH. If we denote the per-encounter reaction 
robability by ηr < 1 , the effective number of completed cycles is
educed from n ≈ 2 to neff = ηr ηe n , and the per-cycle chemical
esorption probability required to reproduce the observed cumu- 
ative depletion D becomes pCD = 1 − (1 − D)1 /neff = 1 − (1 −
)1 / (ηr ηe n ) . For ηr ∼ 0 . 3 –0.5, which is plausible for tunnelling-
riven abstraction at 12 K, and ηe � 1 on gold as argued above,
his raises the required per-cycle probability on gold from the 
5–30 per cent range quoted above (Table 1 ) to pCD ∼ 30 –50
MNRAS 551, 1–19 (2026)
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Table 2. Allowed ranges on the true chemical desorption efficiency εCD on gold and ASW, obtained by subtracting 
the cumulative undetected-product contribution �prod from the measured depletion D. Case (a) is the optimistic 
upper bound ( �prod = 0 ), case (b) is the central estimate ( �prod = 10 per cent), and case (c) is the conservative 
lower bound ( �prod = 20 per cent). The 13 CO substrate is not listed because the concurrent formation of 13 CH3 OH 

precludes a quantitative D value (Section 3.1.3 ). 

Substrate Ts (K) D (%) (a) (%) (b) (%) (c) (%) 

Gold 8 28 ± 5 ∼28 ∼18 ∼8 
Gold 10 37 ± 5 ∼37 ∼27 ∼17 
Gold 12 52 ± 8 ∼52 ∼42 ∼32 
ASW (10 ML) 8–12 12 ± 3 � 12 � 2 ∼ 0 

Table 3. Best-fit parameters of the biexponential form ATPD (t ) = fr exp (−t/τr ) + (1 − fr ) exp (−t/τs ) applied to 
the normalized integrated TPD areas. τs was bounded from below at 40 min (the longest exposure time), and is 
essentially unconstrained from above (‘ > 40 ’ in the table). The quoted uncertainties are the formal 1 σ parameter 
errors from the Levenberg–Marquardt covariance matrix. 

Substrate Ts (K) fr τr (min) τs (min) χ2 
red 

Gold 8 0 . 28 ± 0 . 06 8 ± 2 > 40 0.9 
Gold 10 0 . 38 ± 0 . 07 6 ± 2 > 40 1.1 
Gold 12 0 . 53 ± 0 . 10 5 ± 2 > 40 1.3 
ASW (10 ML) 8–12 0 . 12 ± 0 . 03 3 ± 1 > 40 0.8 
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er cent at 12 K. The 15–30 per cent quoted in the back-of-the-
nvelope estimate should therefore be understood as a conser-
ative lower bound on the per-cycle chemical desorption proba-
ility on gold. On ASW the same correction applies and would
aise pCD from ∼5 to ∼10 per cent, still in the range expected
or a more dissipative substrate. The absolute upper bound on
pCD is set by the cumulative depletion itself (obtained in the
imit ηr ηe n → 1 and all cycles successful), giving pmax CD ∼ D and
herefore ∼ 28 per cent to ∼ 52 per cent across the gold data set
nd ∼ 12 per cent on ASW. The allowed range on pCD is thus
ounded below by the n = 2 estimate (∼15 –25 per cent on gold,
5 per cent on ASW) and above by the full cumulative depletion;

hese two bounds are now explicitly included in the footnote of 
able 1 . 
This consistency check does not constitute proof, but it demon-
trates that the observed cumulative depletions are quantitatively
ompatible with a modest per-cycle chemical desorption proba-
ility applied over multiple H-abstraction/addition cycles. 

.1.4 Alternative kinetic models for the plateau 

he rapid initial decay followed by a plateau that is observed
n both gold and ASW is the strongest kinetic signature of our
ata set, and it motivates a two-population description – a re-
ctive fraction at low-binding-energy sites that is exhausted in
10–20 min and a shielded/strongly bound fraction that per-
ists. The plateau depletion is then simply the fraction of re-
ctive sites. This picture is consistent with the broad binding-
nergy distributions measured for methanol on amorphous wa-
er (S. Ferrero et al. 2020 ; L. Tinacci et al. 2023 ; V. Bar-
osco et al. 2025 ) and with the structural–morphological evo-
ution of methanol films reported by K. A. K. Gadallah et al.
 2020 ). 
Three alternative mechanisms can in principle produce a sim-

lar plateau, and we briefly consider each: (i) Surface-product
locking : accumulation of long-lived surface intermediates (e.g.
H2 OH, CH3 O, H2 CO) in the first few minutes could sterically
lock incoming H atoms from reaching the remaining methanol
NRAS 551, 1–19 (2026)
olecules. Our mass-balance analysis in Section 4.1.2 shows that
uch undetected products can cumulatively account for no more
han ∼15 –20 per cent of the initial methanol column, which is
nsufficient to fully cover the surface and block access to the
esidual (∼50 per cent at 12 K on gold) methanol. (ii) H2 satu-
ation of reactive sites : recombined H2 could, in principle, dec-
rate the most reactive adsorption sites and prevent further H-
tom chemistry. However, H2 binding energies on gold at 8–12
 ( � 500 K) are far below those of methanol, so H2 residence
imes are too short to appreciably saturate the surface under
ur continuous-flux conditions. (iii) H-atom depletion through
ompeting reactions : H + H → H2 recombination on the surface
ould progressively reduce the H flux available for abstraction.
his effect, however, would not produce a sharp plateau after ∼20
in; instead it would cause a smooth flattening of the depletion
ate that continues at longer times – inconsistent with the clear
lateau we observe. 
None of these alternatives provides a clean explanation for the
bserved kinetics that is superior to the two-population model. A
ull kinetic Monte Carlo simulation incorporating the binding-
nergy distribution, reaction barriers and chemical-desorption
ranching is beyond the scope of this experimental paper but
s currently being developed in a follow-up study. As a mini-
al toy check, we fitted the normalized integrated TPD areas
n Fig. 2 to a biexponential form ATPD (t ) = fr exp (−t/τr ) + (1 −
fr ) exp (−t/τs ) with a fast ‘reactive’ time-constant τr and a slow
shielded’ time-constant τs ; the reactive-fraction fr extracted from
he fit agrees within 5 per cent with the plateau depletions quoted
n Section 3.1.1 , confirming the qualitative two-population in-
erpretation. The explicit best-fit parameters obtained by a non-
inear least-squares fit (with τs bounded from below at 40 min
ecause it is effectively unconstrained at long times) are reported
n Table 3 . On gold, fr grows from 0 . 28 ± 0 . 06 at 8 K to 0 . 53 ± 0 . 10
t 12 K in step with the plateau depletions; τr varies between
 and 8 min and τs is consistently pinned at its lower bound,
ndicating that the ‘shielded’ population is not depleted on the ex-
erimental time-scale. On ASW, fr = 0 . 12 ± 0 . 03 and τr = 3 ± 1
in across all three surface temperatures, consistent with the
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ore rapid plateau seen in Figs 3 and 8 . Because these fits are
mpirical and assume a two-population discretization of an un- 
erlying continuous binding-energy distribution, the τr and τs 
alues should not be over-interpreted as microscopic rate con- 
tants; they are, however, sufficient to reproduce the observed 
lateau kinetics and are provided here to aid reproduction of the
nalysis. 

.2 Substrate dependence and energy dissipation 

he strong substrate dependence of the depletion (gold � ASW
13 CO) reflects the efficiency with which the exothermicity of 
eaction ( 3 ) is removed from the nascent methanol molecule 
efore it can leave the surface. Two distinctions must be drawn at
he outset, because conflating them has been a persistent source 
f ambiguity. 
First, the quantity that governs chemical desorption is not the 
ibrational lifetime of an internal mode of the product, but the
nergy remaining in the molecule–surface (desorption) coordi- 
ate at the moment of escape. A. Fredon, G. C. Groenenboom &
. M. Cuppen ( 2021 ) showed explicitly that internal vibrational
nergy and translation normal to the surface are weakly coupled 
they resolved no vibration-to-translation channel, and even the 
everse (translation-to-vibration) transfer carries � 0 . 2 eV out of 
 eV – so energy parked in a C–O or O–H stretch is, to a good
pproximation, lost to the desorption channel. What matters is 
he direct drain of the external modes – the molecule–surface 
tretch and the frustrated translations – into the substrate bath, 
n the ∼0 . 1 –1 ps time-scale of the desorption event itself. 
Second, a metal and a hydrogen-bonded insulator dissipate 
ibrational energy by different mechanisms. A metal possesses an 
lectronic (electron–hole pair) channel that is absent in a wide- 
ap insulator such as ASW, and it might therefore be supposed
hat gold is the better energy sink. We show in Section 4.2.1 that
his electronic channel is inoperative for a physisorbed, closed- 
hell adsorbate such as methanol on gold, and that the substrate
rdering we observe is exactly what the vibrational-relaxation 
ata predict. 

.2.1 Vibrational energy relaxation at metal and ice surfaces 

t a clean metal surface, the vibrations of a chemisorbed adsor-
ate are damped on picosecond time-scales by the excitation of 
lectron–hole pairs, and this is the origin of the large vibrational
inewidths observed for such species. It is important, however, 
o identify the mechanism correctly. B. N. J. Persson & M. Pers-
on ( 1980 ) computed the long-range dynamic-dipole coupling of 
he vibrating molecule to the metal electron gas and obtained 
≈ 10−10 s for the C–O stretch of CO on Cu(100) – some thirty
imes longer than the (3 ± 1) ps measured at the time (later
efined to 2 . 0 ± 1 . 0 ps; Table 4 ) – concluding that the discrep-
ncy was too large to be a model artefact. The picosecond life-
imes arise instead from non-adiabatic charge transfer through 
n adsorbate-induced resonance straddling the Fermi level (for 
O, back-donation into the 2 π∗ orbital), with a damping rate 

= π ω (δn )2 , δn = � ρa (εF ) , (4) 

here δn is the charge fluctuation in that resonance and ρa (εF )
he adsorbate-projected density of states at the Fermi level (H. 
eba 1982 , 1983 ). For CO on Cu(100), δn � 0 . 03 e (B. N. J. Pers-
on & M. Persson 1980 ). Electronic damping therefore vanishes 
uadratically with the adsorbate density of states at εF , and is a
ignature of chemisorption rather than of metallicity as such. 
Methanol on gold at Ts = 8 –12 K is physisorbed and closed-
hell: it has no partially occupied resonance at εF , so ρa (εF ) ≈ 0
nd, by equation ( 4 ), 
 ≈ 0 . B. Hellsing & M. Persson ( 1984 )
ound that the electronic damping of an H2 stretch falls by a
actor of ∼190 (from 24.3 to 0.13 meV) as the molecule is with-
rawn from the chemisorption region to∼1 Å beyond the jellium 

dge, and that 
 ∝ 1 /M, penalizing a heavier adsorbate further.
odern electronic-friction theory concurs: the friction coefficient 
cales with the embedding electron density at the adsorbate, 
hich is exponentially small at van der Waals distances, and is
herefore expected to be largest for chemisorbed adsorbates at 
hort range (S. P. Rittmeyer et al. 2015 ). 
This expectation has now been confirmed experimentally, on 
old itself. S. Kumar et al. ( 2019 ) reported the first measurement
f the vibrational lifetime of a physisorbed molecule at a metal
urface – CO on Au(111) at 35 K – obtaining τ = 49 ± 3 ps, and
oted that all previous metal-surface measurements (1–3 ps) had 
een made on chemisorbed species. The physisorbed lifetime on 
old is thus 20–25 times longer than for chemisorbed CO on
u(100) ( 2 . 0 ± 1 . 0 ps; M. Morin et al. 1992 ) or Pt(111) (� 2 . 2 ps;
. D. Beckerle et al. 1991 ), and the authors conclude that the long
ifetime is a general feature of physisorption, in which the larger
onding distance weakens the electronic coupling. The spectro- 
copic diagnostic is unambiguous: CO on Au(111) is red-shifted 
y only 12 cm−1 from its gas-phase frequency (2131 against 2143 
m−1 ), compared with 40 and 73 cm−1 for CO chemisorbed on 
t(111) and Cu(111), so there is essentially no back-donation and 
ence no charge fluctuation to drive the electronic damping. I. 
ončarić et al. ( 2019 ) showed that first-principles theory repro-
uces the long gold lifetime only when the physisorbed character 
f the bond is correctly described (230–500 ps with a van der
aals functional, against 2.8–3.8 ps with a functional that arti- 
cially binds CO at 2.0 Å ). Gold is therefore not a typical metal
n this respect: it is the metal on which the electronic channel
s documented to be weakest, for precisely the class of adsorbate
tudied here. 
The phononic channel on gold is equally ineffective. Inelas- 

ic neutron scattering gives a maximum phonon frequency for 
old of νmax = 4 . 70 ± 0 . 04 THz, i.e. 157 cm−1 or 19.4 meV (J.
. Lynn, H. G. Smith & R. M. Nicklow 1973 ). The methanol
–O stretch at 1045 cm−1 lies a factor of 6.7 above this ceil-
ng, so its decay into the gold lattice requires the simultaneous
mission of at least seven phonons – a high-order process that 
s exponentially suppressed by the energy-gap law (A. Nitzan 
006 ). ASW, in contrast, possesses a translational band extend- 
ng to ∼40 meV (∼320 cm−1 ) and a librational band spanning 
8–125 meV (548–1008 cm−1 ) (J. E. Bertie & E. Whalley 1967 ;
. Li 1996 ), so the same quantum is accepted in ≈2 librational
uanta. The vibrational spectra of amorphous and crystalline ice 
re closely similar (J. E. Bertie & E. Whalley 1967 ; J. Li 1996 ),
nd the comparison is borne out by direct measurement: two- 
imensional infrared spectroscopy of vapour-deposited amor- 
hous ice gives an O–D stretch lifetime of 0 . 6 ± 0 . 05 ps in the low-
ensity form and 1 . 6 ± 0 . 2 ps in the high-density form, against
 . 5 ± 0 . 05 ps in crystalline ice Ih (A. Shalit et al. 2014 ). Struc-
ural disorder therefore slows the relaxation by at most a fac-
or of three, so that even the least efficient amorphous ice re-
ains some 30 times faster than a physisorbed molecule on 
old. 
MNRAS 551, 1–19 (2026)
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Table 4. Measured vibrational lifetimes T1 of adsorbate and surface modes, ordered by relaxation rate. The 
comparison shows that the controlling variable is whether the oscillator is hydrogen-bonded into the substrate 
network (fast) or bound by dispersion forces alone (slow), rather than whether the substrate is a metal or an 
insulator. The two entries in italics are the internal control: they lie on the same ice surface and differ only in 
the presence or absence of a hydrogen bond. 

Mode/system Bonding T1 Ref.a 

O–H, ice Ih surface H-bonded 50–80 fs (1) 
O–H stretch, bulk ice Ih H-bonded 300–480 fs (2) 
O–D stretch, LDA amorphous ice H-bonded 0 . 6 ± 0 . 05 ps (3) 
O–D stretch, HDA amorphous ice H-bonded 1 . 6 ± 0 . 2 ps (3) 
CO on Cu(100) Chemisorbed 2 . 0 ± 1 . 0 ps (4) 
CO on Pt(111) Chemisorbed � 2 . 2 ps (5) 
O–H, ice Ih surface Free (dangling) 2500 ± 600 fs (1) 
CO on Au(111) Physisorbed 49 ± 3 ps (6) 
CO on NaCl(100) Insulator 4.3 ms (7) 
a (1) P. Sudera et al. ( 2020 ); (2) R. L. A. Timmer & H. J. Bakker ( 2010 ); (3) A. Shalit, F. Perakis & P. Hamm ( 2014 ); 
(4) M. Morin, N. J. Levinos & A. L. Harris ( 1992 ); (5) J. D. Beckerle et al. ( 1991 ); (6) S. Kumar et al. ( 2019 ); (7) H.-C. 
Chang & G. E. Ewing ( 1990 ). 

 

v  

A  

p  

2  

i  

i  

i  

h  

a  

o  

S  

i  

t  

t  

s
 

A  

i  

c  

r  

e  

t  

o

4

T  

i  

t  

i  

f  

f  

f  

e  

a  

a  

r  

b  

i  

o  

m  

a  

t  

J  

B  

n  

n  

fi
 

s  

p  

s
m  

s  

fi  

d  

5  

c  

t  

w  

t  

m  

i  

i  

e  

m  

–  

A  

4
 

m  

M  

e  

r
t  

F  

w  

r  

p  

n  

h  

i
 

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/551/2/stag1471/8751122 by guest on 28 August 2026
To our knowledge no experiment or simulation has measured
ibrational relaxation of the same species on both a metal and
SW; indeed no adsorbate vibrational lifetime has yet been re-
orted on water ice at all (J. A. Noble et al. 2020 ; J. C. Santos et al.
023 ). The comparison must therefore be assembled, and when it
s (Table 4 ) the controlling variable proves to be neither metallic-
ty nor the phonon spectrum alone, but whether the adsorbate
s hydrogen-bonded into the accepting network . An O–H group
ydrogen-bonded at the ice surface relaxes in 50–80 fs, whereas
 free (dangling) O–H group on the same surface, which differs
nly in lacking a hydrogen bond, relaxes 30 times more slowly (P.
udera et al. 2020 ). The hydrogen bond, not the substrate class,
s the conduit; and P. Sudera et al. ( 2020 ) note that this efficient
ransport out of hydrogen-bonded O–H groups is directly relevant
o the dissipation of adsorbed, OH-bonded reactants at an ice
urface. 
Methanol is an O–H-bearing, hydrogen-bonding adsorbate. On
SW it donates a hydrogen bond into the water network, and
ts O–H stretch is near-degenerate with the ice’s own, so it ac-
esses this ultrafast channel. On gold it has no hydrogen bond, no
esonant acceptor, a phonon ceiling at 157 cm−1 , and negligible
lectronic friction. The relevant contrast for a molecule of our
ype is therefore≈50 –80 fs on ASW against≈49 ps on gold: three
rders of magnitude, in the direction required by our data. 

.2.2 Energy flow after the reaction 

he same conclusion follows from the fate of the reaction energy
tself. Ab initio molecular-dynamics simulations on water ice find
hat 45–90 per cent of the exothermicity of a surface reaction
s absorbed by the ice within the first picosecond – 90 per cent
or HCO formation (S. Pantaleone et al. 2020 ), 45–65 per cent
or H2 formation (S. Pantaleone et al. 2021 ), and 58–90 per cent
or NH3 formation (S. Ferrero et al. 2023a ) – and S. Pantaleone
t al. ( 2020 ) attribute this explicitly to the hydrogen bonds that
re responsible both for the cohesive energy of the ice mantle
nd for its interaction with adsorbates. The energy leaves the
eaction site as an acoustic disturbance through the hydrogen-
onded network, reaching a neighbouring water molecule at 4 Å
n 200–800 fs (S. Pantaleone et al. 2021 ). No such conduit exists
n gold: the methanol–gold bond is a van der Waals bond, the
olecule–surface stretch of CO on Au(111) (� 330 cm−1 ) lies
NRAS 551, 1–19 (2026)

m  
bove gold’s entire phonon spectrum, and its electronic damping
ime is 15.6 ps, with the frustrated translation at 2290 ps (R.
. Maurer et al. 2016 , their table 2 and supplemental material).
ecause the desorption event itself takes only ∼0 . 1 –1 ps, the
ascent methanol on gold escapes before the desorption coordi-
ate can be drained, whereas on ASW the coordinate is quenched
rst. 
We note for completeness that a dissipation time of ∼0 . 5 ps is
ometimes cited for metal surfaces, apparently at odds with the
icture developed here. That figure rests on two chemisorbing
ystems – an open-shell H atom on Cu and a dissociating O2 
olecule on Pd – neither of which, examined at source, in fact
upports so short a time. For O2 on Pd, J. Meyer & K. Reuter ( 2014 )
nd that ∼80 per cent of the ≈2 . 6 eV chemisorption energy is
elivered to the metal phonons within ≈1 . 5 ps, with less than
 per cent entering the electron–hole-pair (electronic-friction)
hannel. For H on Cu, D. V. Shalashilin & B. Jackson ( 1998 ) report
hat the small H-to-Cu mass ratio makes the energy transfer slow ,
ith a dissipation time of≈4 –5 ps – an order of magnitude longer
han the∼0 . 5 ps quoted. In both cases the dissipation is phonon-
ediated and, even for these strongly bound systems, far from
nstantaneous; it does not carry over to a closed-shell species that
s merely physisorbed . Methanol on gold is held by a weak (∼0 . 4
V) van der Waals bond that offers no comparable conduit, its
olecule–surface stretch lies above gold’s phonon ceiling, and
as shown above – the electronic channel is switched off. The
u(111) measurements of S. Kumar et al. ( 2019 ), which give a
9 ± 3 ps lifetime for physisorbed CO, bear this out directly. 
The observed substrate ordering is also consistent with the
olecular-dynamics predictions of A. Fredon, T. Lamberts & H.
. Cuppen ( 2017 ); A. Fredon & H. M. Cuppen ( 2018 ); A. Fredon
t al. ( 2021 ), who quantified the partitioning of the exothermic
eaction energy among the translational degrees of freedom of 
he nascent molecule, its internal modes, and the substrate lattice.
or exothermic surface reactions on crystalline and amorphous
ater ices, those simulations find that only a small fraction of the
eaction energy is channelled into the translational coordinate
erpendicular to the surface, with the remainder going into inter-
al modes or into the ice bath. On a substrate that offers neither a
ydrogen bond nor an accessible phonon manifold, that fraction
s expected to be substantially higher. 
On ASW, in addition, the ‘cage’ effect of the hydrogen-bonded
atrix physically confines many methanol molecules in posi-
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ions where they are shielded from incoming H atoms; the co- 
esorption peak at 155 K in the ASW TPD curves (Section 3.1.2 ) is
irect evidence of this trapping. The same substrate-dependence 
attern – efficient chemical desorption on bare, rigid surfaces and 
trong suppression on water ice – has been documented for other 
eactive systems (F. Dulieu et al. 2013 ; J. He & G. Vidali 2014 ; M.
inissale & F. Dulieu 2014 ; M. Minissale et al. 2016b ), reinforcing
he generality of the argument. 

.2.3 Consistency with the elastic-collision model 

ur gold result can be placed on a quantitative footing using the
odel of M. Minissale et al. ( 2016b ) themselves, without invoking
ny of the vibrational-relaxation arguments above. In that model 
he newly formed product of mass m retains a fraction 

= (M −m )2 

(M + m )2 
(5) 

f its kinetic energy after an elastic bounce off a surface of effective
ass M, and the desorption probability follows a Boltzmann- 
ike expression pCD = exp [ −Eb / (ε �HR /N )] with N = 3 natoms . 
. Minissale et al. ( 2016b ) stress that M greatly exceeds the mass
f a single surface atom, ‘because the rigidity of the surface in-
uces a collective behaviour’; they adopt M � 130 amu for oxi-
ized graphite and 110 amu for amorphous silicate. 
A rigid metal lies at the opposite extreme of this scale. Taking
HR = 4 . 17 eV for CH2 OH + H → CH3 OH, N = 18 , and the
ethanol–gold binding energy Eb � 4500 K implied by our own 
PD peak at 136 K (Section 3.1.1 ), the rigid-metal limit ( ε → 1 )
ives pCD � 19 per cent per cycle and hence a cumulative de-
letion of 34–56 per cent over the n � 2 –4 cycles delivered in
ur experiments – bracketing the measured 52 ± 8 per cent on 
old at 12 K. The same expression evaluated with the graphite
ffective mass ( M = 130 amu, ε = 0 . 37 ) gives � 1 per cent per
ycle and therefore < 8 per cent cumulatively, reproducing the 
pper limit that M. Minissale et al. ( 2016b ) themselves report for
H3 OH + H on oxidized graphite. Within their framework the 
urface effective mass is thus the sole discriminator between the 
wo results, and our measurement extends the substrate axis into 
 regime – a rigid, high-effective-mass, weakly-coupling metal 
that no previous chemical-desorption experiment has probed. 
e emphasize that equation ( 5 ) contains no electronic term; the
nalysis of Section 4.2.1 is what justifies its application to a metal
n the physisorbed limit. 
While gold is not an astrophysically representative substrate, 

he gold experiments therefore serve a valuable diagnostic pur- 
ose: by minimizing both available dissipation channels, they 
aximize the chemical desorption signal, allowing us to map 
he kinetics and temperature dependence of the process most 
learly and to place an unambiguous upper bound on the intrinsic
eactivity. 

.3 Methodological comparison 

s noted in Section 2 , our inference of chemical desorption is
ndirect: we measure the deficit in the solid-phase methanol after 
-exposure, rather than directly detecting gas-phase methanol 
uring the exposure. Direct real-time detection of chemical des- 
rption has been achieved in other systems using rotatable QMS 
F. Dulieu et al. 2013 ) and kinetic measurements during H2 for-
ation (M. Minissale et al. 2016a ). In those experiments, the des-
rbing species is detected immediately upon release, providing ki- 
etic information and unambiguous identification. Our approach 
acrifices this temporal resolution in exchange for the ability to 
tudy a pre-deposited, well-characterized 1 ML methanol film –
 configuration closer to the astrophysical scenario in which an 
xisting ice mantle is bombarded by H atoms. The agreement 
etween the TPD and RAIRS depletion values (Sections 3.1 and 
.2 ) provides internal consistency, and the mass-balance analysis 
Section 4.1.2 ) constrains the contribution of undetected prod- 
cts. 

.4 Astrophysical implications 

ethanol is firmly established as a major ice-mantle constituent 
n dense molecular clouds. Observations towards many lines of 
ight reveal solid-phase methanol at abundances of up to 30 
er cent relative to H2 O (A. C. A. Boogert et al. 2008 , 2011 ; D.
. B. Whittet et al. 2011 ; A. C. A. Boogert et al. 2015 ; M. K.
cClure et al. 2023 ). Its column density increases with visual
xtinction, roughly proportionally to N(H2 O) (D. C. B. Whittet et 
l. 2011 ), and it is formed during the growth of the ice mantle in
he presence of both CO and H2 O (A. G. G. M. Tielens & W. Hagen
982 ; N. Watanabe & A. Kouchi 2002 ; G. W. Fuchs et al. 2009 ).
he solid-phase column density varies between objects and ice 
nvironments, reflecting the formation history of the cloud (A. 
lément et al. 2023 ). 
In starless and pre-stellar cores, methanol is also detected in 

he gas phase, at column densities that cannot be explained by
hermal desorption at ∼10 K. S. Spezzano et al. ( 2020 ) derived
as-phase N(CH3 OH) values towards several starless cores, find- 
ng typical values of a few ×1013 cm−2 . The distribution of gas-
hase methanol peaks in a shell offset from the dust continuum
eak, consistent with a non-thermal release mechanism that is 
ost effective in the outer, lower-density regions where the H- 
tom abundance is higher (A. Punanova et al. 2018 ; S. Spezzano
t al. 2020 ). 
Our experimental results suggest that chemical desorption in- 
uced by H-abstraction/addition cycles can contribute to sustain- 
ng gas-phase methanol in these environments. Even the modest 
pper-limit efficiency of 12 ± 3 per cent measured on the astro-
hysically relevant ASW substrate is not negligible: in the L1544 
re-stellar core, for instance, the gas-phase methanol abundance 
eaks in a low-density shell at AV ∼ 8 mag from the core centre
I. Jiménez-Serra et al. 2016 ; A. Punanova et al. 2018 ). In these
onditions, any increase in the gas-phase atomic hydrogen abun- 
ance would enhance the rate of H-abstraction–addition cycles 
n grain surfaces, increasing the chemical desorption flux of 
ethanol and potentially other iCOMs (A. I. Vasyunin et al. 2017 ;
. Jin & R. T. Garrod 2020 ). 

.4.1 H-atom flux scaling to pre-stellar-core conditions 

he translation of the laboratory depletion efficiencies to as- 
rophysical environments requires explicit consideration of the 
ery different H-atom fluxes involved. Our laboratory flux, φlab = 

 . 3 × 1012 cm−2 s−1 , is approximately eight to nine orders of mag-
itude larger than the H-atom arrival rate on a typical grain
urface in a pre-stellar core. Adopting a representative atomic 
ydrogen density nH ∼ 1 –10 cm−3 and a Maxwellian thermal 
elocity vth � 2 . 5 × 104 cm s−1 at 10 K, the H-atom flux on a
rain in a pre-stellar core is φISM 

≈ nH vth / 4 ∼ 103 –104 cm−2 s−1 
MNRAS 551, 1–19 (2026)



16 K. A. K. Gadallah et al.

M

(  

S  

c

 

o  

s  

p  

e  

t  

i  

t  

l  

r  

t  

d  

I  

i  

a
M  

b  

m  

fi  

n  

a
a  

l  

s  

t  

f  

T  

p  

c  

l  

k  

a
 

f  

b  

s  

t  

C  

i  

l  

l
 

3  

t  

a  

t  

a  

e

 

d  

t  

a  

d  

e  

s  

t  

J  

o  

t  

4

T  

s  

a  

c  

a  

R
 

a

R
R

w  

d  

Y  

t  

s  

s  

H  

a  

d
 

p  

a  

B  

e  

2  

a  

a  

c
 

d  

d  

t  

a  

a  

t  

w  

F  

(  

h  

q  

d  

r  

t  

a
H  

t  

p  

r
s  

r
 

n  

g  

c
a  

D
ow

nloaded from
 academ

ic.oup.com
/m

nras/article/551/2/stag1471/8751122 by guest on 28 August 2026
V. Wakelam et al. 2017 ; M. Jin & R. T. Garrod 2020 ; I. Jiménez-
erra et al. 2025 ). This orders-of-magnitude difference has several
ompeting consequences for the extrapolation of our results: 

(i) At the laboratory flux, two incoming H atoms can meet
n the surface during the residence time of a single H adatom,
o H + H → H2 recombination is a non-negligible H-sink com-
eting with the CH3 OH + H abstraction step. This competition
ffectively reduces the number of ‘useful’ H atoms reaching
he methanol molecule. At the much lower astrophysical fluxes,
nter-arrival times vastly exceed plausible H adatom residence
imes, so H + H recombination on the bare grain is comparatively
ess important and a larger fraction of the H flux is expected to
each pre-deposited methanol molecules. Under this considera-
ion, our laboratory depletion efficiencies could be modest un-
erestimates of the true per-H-atom efficiency applicable to the
SM. Two additional considerations partially offset this scaling
n the opposite direction. First, at astrophysical fluxes the H-
tom steady-state surface coverage is extremely low ( θH � 10−4 

L), so the encounter of an H atom with a CH3 OH molecule
ecomes diffusion-limited rather than flux-limited: an H atom
ust execute a random walk across the grain surface before it
nds a CH3 OH, which introduces an additional rate-limiting step
ot present in the laboratory experiments where H-atom cover-
ge is effectively continuous. Second, for multistep abstraction–
ddition cycles the radical intermediate (CH2 OH) must survive
ong enough for a second H atom to arrive – on grain time-
cales at nH ∼ 1 cm−3 this is ∼ 104 yr per cycle, comparable to
he radical’s possible loss channels (tunnelling recombination,
urther H-driven chemistry, or cosmic-ray-induced destruction).
he net astrophysical efficiency therefore depends on the com-
etition between encounter-limited cycling and radical-lifetime
onstraints, neither of which is captured in the laboratory-to-ISM
inear scaling and both of which are best addressed in dedicated
inetic-Monte-Carlo or rate-equation models (A. I. Vasyunin et
l. 2017 ; M. Jin & R. T. Garrod 2020 ). 
(ii) The cumulative fluence required to saturate the reactive

raction (∼4 × 1015 H cm−2 in 20 min, see Section 4.1.3 ) would
e delivered over tISM 

∼ φlab /φISM 

× 20 min ∼ 104 –105 yr at pre-
tellar-core H-atom fluxes. This is comparable to the dynamical
ime-scale of dense cores (E. A. Bergin & M. Tafalla 2007 ; P.
aselli & C. Ceccarelli 2012 ), meaning that the plateau regime
dentified in our experiments is astrophysically accessible on core
ifetimes, at least in the outer, lower-density, higher-H-abundance
ayers. 
(iii) The temperature-dependence we observe on gold (Section
.1.1 ) indicates that film morphology matters; extrapolation to
he ISM must also account for the fact that grain ice mantles
re not prepared as monolayer depositions but grow via accre-
ion/hydrogenation with radically different structural histories
nd binding-energy distributions (S. Ferrero et al. 2020 ; L. Tinacci
t al. 2023 ; V. Bariosco et al. 2025 ). 

None of these effects invalidates the qualitative picture we have
erived – H-abstraction–addition cycles drive a measurable non-
hermal loss of methanol from cold ice surfaces – but they caution
gainst applying the specific 12–52 per cent depletion fractions
irectly to astrochemical models without first correcting for the
ffective per-H-atom-encounter probability and for the structural
tate of the astrophysical ice. We encourage model implementa-
ions (A. I. Vasyunin et al. 2017 ; M. Jin & R. T. Garrod 2020 ; I.
iménez-Serra et al. 2025 ) to adopt our numbers as upper bounds
NRAS 551, 1–19 (2026)
n the per-cycle chemical desorption probability and to explore
he sensitivity of gas-phase iCOM abundances to that parameter.

.5 A selective desorption mechanism? 

he chemical desorption mechanism studied here is intrinsically
elective, in the sense that it preferentially affects molecules that
re susceptible to H-abstraction. These are essentially all species
ontaining a methyl group (–CH3 ), whose C–H bonds can be
bstracted by H atoms according to a generic cycle analogous to
eactions ( 2 )–( 3 ). 
Denoting a generic methyl-bearing iCOM by R–CH3 , the
bstraction–addition loop on its methyl group reads 

- CH3 + H −→ R- CH2 + H2 , (6) 
- CH2 + H −→ R- CH3 , (7) 

ith Reaction ( 7 ) being a barrier-less radical recombination that
eposits ∼3–4 eV of chemical energy on the re-formed iCOM.
. Oba et al. ( 2013 ) extensively studied H/D isotopic substitu-
ion in solid methylamine via surface H-atom reactions, demon-
trating the generality of H-abstraction from methyl-bearing
pecies. Other iCOMs such as CH3 O, CH3 OCH3 (dimethyl ether),
COOCH3 (methyl formate), and CH3 CHO (acetaldehyde) are
ll similarly expected to undergo abstraction–addition cycles un-
er cold core conditions. 
It is noteworthy that the iCOMs most commonly detected in
re-stellar cores – methanol, dimethyl ether, methyl formate,
cetaldehyde – are predominantly methyl-bearing species (A.
acmann et al. 2012 ; I. Jiménez-Serra et al. 2016 ; V. Lattanzi
t al. 2020 ; I. Jiménez-Serra et al. 2021 ; S. Scibelli et al. 2021 ,
024 ). While the detection of these specific molecules may reflect
 combination of observational sensitivity, formation efficiency,
nd chemical stability in addition to desorption selectivity, the
oincidence is suggestive. 
We emphasize, however, that the observational pattern just
escribed is also anticipated from formation efficiency alone, in-
ependently of any selective desorption mechanism. Methanol is
he most abundant iCOM in interstellar ices (A. C. A. Boogert et
l. 2015 ; M. K. McClure et al. 2023 ; W. R. M. Rocha et al. 2024 ),
nd methyl formate, dimethyl ether, and acetaldehyde are among
he most efficiently formed species in grain-surface chemical net-
orks (R. T. Garrod & E. Herbst 2006 ; K.-J. Chuang et al. 2016 ; S.
errero et al. 2023b ), essentially because their precursor radicals
CH3 O, HCO, CH3 , CH3 CO) are copiously produced during CO
ydrogenation. A formation-efficiency bias therefore produces
ualitatively the same methyl-heavy gas-phase inventory as a
esorption-selectivity bias, and the two cannot be cleanly sepa-
ated from observational data alone. Further, as we note below,
he mechanism studied here is not uniquely methyl-selective – the
bstraction–addition loop can operate on any weakly bonded X–
 group, including the N–H bonds of formamide. In this context,
he ‘selectivity’ we discuss here should be understood as a soft
reference for species carrying abstractable X– H bonds whose
eformation releases sufficient energy to overcome the molecule–
urface binding, rather than as a strict methyl-group selection
ule. 
A stronger test of the selectivity hypothesis is whether any
on -methyl-bearing iCOMs are detected at unexpectedly high
as-phase abundances in cold pre-stellar cores. The clearest
ounter-example is formamide (NH2 CHO), whose abstraction–
ddition chemistry proceeds on the N–H bonds rather than on a
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ethyl group and which is generally not detected towards star- 
ess and pre-stellar cores at the abundances expected from its 
hotodissociation-region detections (C. Codella et al. 2022 ; C. 
eccarelli et al. 2023 ). Two further qualitative counter-examples 
einforce this pattern. First, ketene (H2 CCO) has been detected in 
ome pre-stellar cores but with relative abundances that remain 
ithin expectations from gas-phase chemistry alone (S. Scibelli et 
l. 2021 , 2024 ), consistent with the absence of a methyl-group des-
rption loop. Second, HCOOH (formic acid) has no methyl group 
nd its gas-phase abundance in cold cores is reported to be modest
ompared with methanol and methyl formate (A. Bacmann et 
l. 2012 ; I. Jiménez-Serra et al. 2016 ). Conversely, all the firmly
etected oxygen-bearing iCOMs in cold cores (methanol, methyl 
ormate, dimethyl ether, acetaldehyde) carry a methyl group and 
ould therefore participate in the chemistry of Reactions ( 6 )–( 7 ).
hile none of these comparisons is individually decisive – each is 
ubject to independent biases in formation efficiency, gas-phase 
estruction rates, and observational line strengths – the overall 
attern is consistent with a selective, abstraction-driven chem- 
cal desorption channel preferentially elevating methyl-bearing 
pecies in the gas phase. 
We emphasize that this selectivity argument remains qualita- 

ive and should not be taken as a claim of a unique selectivity of 
hemical desorption for methyl-bearing iCOMs. A quantitative 
ssessment would require per-iCOM laboratory measurements 
f the H-abstraction rates, chemical desorption probabilities, and 
inding energies on realistic ice substrates; such measurements 
re not provided by the present study, and until they are available
he selectivity of the mechanism for any given iCOM must be 
egarded as a hypothesis awaiting experimental test. With that 
aveat explicitly in view, models incorporating these parameters 
A. I. Vasyunin et al. 2017 ; M. Jin & R. T. Garrod 2020 ; I. Jiménez-
erra et al. 2025 ) are beginning to address this, and we anticipate
hat the experimental constraints provided here will help refine 
heir predictions. 
Moreover, molecules that are re-accreted from the gas phase 
nto grain surfaces at very low temperature are likely to adsorb in
eakly coordinated states – on the ice surface rather than in the
ulk – where the probability of subsequent chemical desorption 
s enhanced. This positive feedback (accretion → weak binding 

 chemical desorption → re-accretion) could amplify the gas- 
hase abundance of selected species over time. Recent studies of 
inding-energy distributions on amorphous water ice (S. Ferrero 
t al. 2020 ; L. Tinacci et al. 2023 ; V. Bariosco et al. 2025 ) show that
 significant fraction of binding sites have energies well below 

he commonly adopted average value, which would facilitate this 
rocess. In particular, the ab initio binding-energy distribution 
f V. Bariosco et al. ( 2025 ) for methanol on amorphous water
ce identifies a low-energy tail at Eb � 2500 K occupying ∼ 13 
er cent of the available sites, which is comparable in magni-
ude to the ‘reactive fraction’ fr extracted from our biexponential 
ts (Table 3 ). V. Bariosco et al. ( 2025 ) recently drew attention
o a complementary thermal -desorption channel operating on 
he lowest-binding-energy sites at 10–20 K: sites with Eb � 2500 
 can desorb thermally on dense -core time -scales even with-
ut chemical activation. This thermal channel depletes preferen- 
ially the same weakly bound subpopulation that our chemical- 
esorption channel targets most efficiently, and the two mecha- 
isms therefore compete for the same reservoir rather than com- 
lementing each other: thermal desorption from the low-energy 
ail would reduce the pool available for chemical desorption, and 
onversely chemical desorption would prematurely empty the 
eactive fraction that thermal desorption would otherwise access 
t slightly higher temperatures. A consistent astrochemical treat- 
ent should therefore include both channels simultaneously, 
haring the binding-energy distribution as a common input; this 
s a promising direction for follow-up modelling work. 

 CONCLUSIONS  

e have presented a combined RAIRS/TPD study of the non- 
hermal desorption of methanol from cold dust-grain analogues 
nder H-atom bombardment. Monolayer methanol films pre- 
eposited on three substrates – polycrystalline gold, compact 
SW (10 ML) and 13 CO ice (2 ML) – were exposed to H atoms
t 3 . 3 × 1012 cm−2 s−1 and surface temperatures Ts = 8 , 10, and
2 K (10 and 12 K on 13 CO). Our principal findings are as follows.

(i) The solid-phase methanol content decreases rapidly upon 
-atom exposure, reaching a plateau after ∼20 min. The deple- 
ion is most pronounced on gold (up to 52 ± 8 per cent upper
imit at 12 K) and more modest on ASW ( 12 ± 3 per cent). On
3 CO, concurrent formation of 13 CH3 OH from CO hydrogenation 
recludes a quantitative measurement; the 13 CO data set serves 
nly as a qualitative consistency check. 
(ii) The measured depletions are formal upper limits to the 
hemical desorption efficiency. After bounding the contribution 
rom undetected surface products ( � 15 –20 per cent cumula-
ively), bulk redistribution on ASW, and a residual morphological 
ffect (constrained by the RAIRS/TPD agreement on gold), the 
rue chemical desorption efficiencies are bracketed to ∼ 32 –52 
er cent on gold and � 12 per cent on ASW. 
(iii) The plateau is consistent with a two-component methanol 
opulation: a reactive fraction in low-binding-energy sites that 
s rapidly depleted, and a non-reactive fraction that is shielded 
r strongly bound. Alternative kinetic mechanisms (surface- 
roduct blocking, H2 saturation, H-atom depletion through com- 
eting reactions) are inconsistent with the observed kinetics. 
(iv) The substrate dependence (gold � ASW) is attributed to 
ifferences in energy dissipation from the molecule–surface coor- 
inate. On ASW, the methanol is hydrogen-bonded into the water 
etwork, which provides both a resonant vibrational acceptor 
nd a sub-picosecond conduit for the reaction energy. On gold 
he molecule is physisorbed: the phonon spectrum terminates 
t 157 cm−1 (J. W. Lynn et al. 1973 ), so its modes can decay
nly by a high-order multiphonon process, and the electronic 
electron–hole pair) channel that damps chemisorbed adsorbates 
n metals is inoperative for a closed-shell physisorbed species – as 
onfirmed by the 49 ± 3 ps vibrational lifetime measured for CO
hysisorbed on Au(111) (S. Kumar et al. 2019 ). This is consistent
ith molecular-dynamics calculations of energy partitioning af- 
er surface reactions on ice (A. Fredon et al. 2017 ; A. Fredon & H.
. Cuppen 2018 ; S. Pantaleone et al. 2020 ; A. Fredon et al. 2021 ;
. Pantaleone et al. 2021 ; S. Ferrero et al. 2023a ). 
(v) The temperature dependence on gold correlates with the 

emperature-dependent sticking coefficient of methanol on gold 
K. A. K. Gadallah et al. 2020 ) and cannot be ascribed to thermal
esorption from weak binding sites. A morphological origin and 
n increased H-atom mobility at higher Ts both remain consistent 
ith the data and would carry different implications for the per-
ycle probability. 
(vi) An order-of-magnitude kinetic estimate yields a per-cycle 
esorption probability of ∼ 5 per cent on ASW and ∼ 15 –30
er cent on gold (rising with Ts ), distributed over ∼ 2 abstraction–
MNRAS 551, 1–19 (2026)
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ddition cycles per methanol molecule. These results are lower
ounds, since they assume unit per-encounter reaction probabil-
ty (Table 1 ). 
(vii) Extrapolation to pre-stellar-core fluxes is non-trivial: The

educed rate of surface H + H → H2 recombination tends to raise
he effective per-H-atom efficiency, whereas the ice morphology
nd binding-energy distribution of real grain mantles require
edicated treatment in astrochemical models. 

The combination of H-abstraction–addition loops and chemi-
al desorption provides a potentially efficient non-thermal chan-
el for sustaining methanol – and possibly other methyl-bearing
COMs – in the gas phase of pre-stellar cores. Although methyl-
earing iCOMs are over-represented among iCOM detections in
old cores, this trend is degenerate with their high formation
fficiency on grain surfaces, and analogous N–H abstraction–
ddition chemistry on formamide-like species rules out a strict
ethyl-group selectivity. The present data therefore support the
echanism qualitatively but do not establish a unique selectivity
ias. 
Three follow-up experiments would sharpen these conclu-
ions: ( first ) direct gas-phase detection of the desorbing species in
 differentially pumped configuration, converting the present up-
er limits into measurements; ( second ) isotope-labelled methanol
xperiments separating the per-encounter reaction probability
rom the H-atom encounter probability, thereby distinguishing
he morphological and mobility origins of the temperature de-
endence on gold; and ( third ) systematic characterization of the
hemical-desorption efficiency for other iCOMs – methyl for-
ate, dimethyl ether, acetaldehyde – on astrophysically realistic
ce substrates, enabling a quantitative test of the selectivity hy-
othesis. 
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ončarić I. , Alducin M., Juaristi J. I., Novko D., 2019, J. Phys. Chem. Lett. ,
10, 1043 

ynn J. W. , Smith H. G., Nicklow R. M., 1973, Phys. Rev. B , 8, 3493 
artín-Doménech R. , Muñoz Caro G. M., Cruz-Díaz G. A., 2016, A&A ,
589, A107 
atar E. , Congiu E., Dulieu F., Momeni A., Lemaire J. L., 2008, A&A , 492,
L17 
aurer R. J. , Askerka M., Batista V. S., Tully J. C., 2016, Phys. Rev. B , 94,
115432 
cClure M. K. , Rocha W. R. M., Pontoppidan K. M., Crouzet N., Perotti
G., Brunken N., van Dishoeck E. F. et al., 2023, Nat. Astron. , 7, 431 
égias A. , Jiménez-Serra I., Martín-Pintado J., Megeath S. T., Vasyunin 
A. I., 2023, MNRAS , 519, 1601 
ejía C. , de Barros A. L. F., Domaracka A., Boduch P., Rothard H., da
Silveira E. F., 2024, A&A , 687, A227 

eyer J. , Reuter K., 2014, Angew. Chem. Int. Ed. , 53, 4721 
inissale M. , Dulieu F., 2014, J. Chem. Phys. , 141, 014304 
inissale M. , Moudens A., Baouche S., Chaabouni H., Dulieu F., 2016a,
MNRAS , 458, 2953 
inissale M. , Dulieu F., Cazaux S., Hocuk S., 2016b, A&A , 585, A24 
inissale M. , Aikawa Y., Bergin E., Guilloteau S., Hersant F., Dutrey A.,
Wakelam V., Pontoppidan K. M., 2022, ACS Earth Space Chem. , 6, 597
orin M. , Levinos N. J., Harris A. L., 1992, J. Chem. Phys. , 96, 3950 
guyen T. , Baouche S., Congiu E., Diana S., Pagani L., Dulieu F., 2018,
A&A , 619, A111 

itzan A. , 2006, Chemical Dynamics in Condensed Phases: Relaxation, 
Transfer and Reactions in Condensed Molecular Systems. Oxford 
Univ. Press, Oxford 

oble J. A. , Congiu E., Dulieu F., Fraser H. J., 2012, MNRAS , 421, 768 
oble J. A. , Cuppen H. M., Coussan S., Redlich B., Ioppolo S., 2020, J.
Phys. Chem. C , 124, 20337 

ba Y. , Miyauchi N., Hidaka H., Chigai T., Watanabe N., Kouchi A., 2013,
Meteorit. Planet. Sci. , 48, 214 

ba Y. , Tomaru T., Lamberts T., Kouchi A., Watanabe N., 2018, Nat.
Astron. , 2, 228 

berg K. I. , Fuchs G. W., Awad Z., Fraser H. J., Schlemmer S., van
Dishoeck E. F., Linnartz H., 2007, ApJ , 662, L23 

antaleone S. , Enrique-Romero J., Ceccarelli C., Ugliengo P., Balucani N., 
Rimola A., 2020, ApJ , 897, 56 
The Author(s) 2026. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open 
 https://creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, distribution, a
antaleone S. , Enrique-Romero J., Ceccarelli C., Ferrero S., Balucani N.,
Rimola A., Ugliengo P., 2021, ApJ , 917, 49 

ersson B. N. J. , Persson M., 1980, Solid State Commun. , 36, 175 
etrik N. G. , Kimmel G. A., 2018, Phys. Chem. Chem. Phys. , 20, 11634 
unanova A. , Caselli P., Feng S., Chacón-Tanarro A., Ceccarelli C.,
Jiménez-Serra I., Vastel C., 2018, ApJ , 855, 112 

ibeiro F. d. A. , Almeida G. C., Garcia-Basabe Y., Wolff W., Boechat-
Roberty H. M., Rocco M. L. M., 2015, Phys. Chem. Chem. Phys. , 17,
27473 

ittmeyer S. P. , Meyer J., Juaristi J. I., Reuter K., 2015, Phys. Rev. Lett. ,
115, 046102 

ocha W. R. M. , van Dishoeck E. F., Ressler M. E., van Gelder M. L.,
Brunken N., Perotti G. et al., 2024, A&A , 683, A124 

uaud M. , Loison J. C., Hickson K. M., Gratier P., Hersant F., Wakelam
V., 2015, MNRAS , 447, 4004 

antos J. C. et al., 2023, A&A, 672, A112 
cibelli S. , Shirley Y., Vasyunin A., Launhardt R., 2021, MNRAS , 504, 5754
cibelli S. , Shirley Y., Mégias A., Jiménez-Serra I., 2024, MNRAS , 533,
4104 

halashilin D. V. , Jackson B., 1998, J. Chem. Phys. , 109, 2856 
halit A. , Perakis F., Hamm P., 2014, J. Chem. Phys. , 140, 151102 
imons M. A. J. , Lamberts T., Cuppen H. M., 2020, A&A , 634, A52 
pezzano S. , Caselli P., Pineda J. E., Bizzocchi L., Ceccarelli C., Jiménez-
Serra I., 2020, A&A , 643, A60 

udera P. , Cyran J. D., Deiseroth M., Backus E. H. G., Bonn M., 2020, J.
Am. Chem. Soc. , 142, 12005 

ielens A. G. G. M. , Hagen W., 1982, A&A, 114, 245 
immer R. L. A. , Bakker H. J., 2010, J. Phys. Chem. A , 114, 4148 
inacci L. , Germain A., Pantaleone S., Ceccarelli C., Balucani N.,
Ugliengo P., 2023, ApJ , 951, 32 

eba H. , 1982, J. Chem. Phys. , 77, 3759 
eba H. , 1983, J. Electron Spectrosc. Relat. Phenom. , 29, 157 
asyunin A. I. , Caselli P., Dulieu F., Jiménez-Serra I., 2017, ApJ , 842, 33 
yjidak A. , Giuliano B. M., Jusko P. et al., 2026, A&A , 707, A214 
akelam V. et al., 2017, Mol. Astrophys. , 9, 1 
akelam V. , Dartois E., Chabot M., Spezzano S., Navarro-Almaida D.,
Loison J.-C., Gratier P., 2021, A&A , 652, A63 

atanabe N. , Kouchi A., 2002, ApJ , 571, L173 
hittet D. C. B. , Cook A. M., Herbst E., Chiar J. E., Shenoy S. S., 2011,
ApJ , 742, 28 

UPPLEMENTARY  MATERIAL  

upplementary material is available at MNRAS online. 

Gadallah2026_mnras_supplementary.pdf 
Please note: Oxford University Press is not responsible for the 
ontent or functionality of any supporting materials supplied by 
he authors. Any queries (other than missing material) should be 
irected to the corresponding author for the article. 

his paper has been typeset from a TE X/LA TE X file prepared by the author.
MNRAS 551, 1–19 (2026)

Access article distributed under the terms of the Creative Commons Attribution License 
nd reproduction in any medium, provided the original work is properly cited. 

http://dx.doi.org/10.3847/1538-4357/ac024c
http://dx.doi.org/10.1051/0004-6361/202452389
http://dx.doi.org/10.3847/1538-4365/ab9ec8
http://dx.doi.org/10.1007/978-1-4614-3076-6_17
http://dx.doi.org/10.1103/PhysRevLett.123.156101
http://dx.doi.org/10.1051/0004-6361/201936884
http://dx.doi.org/10.1063/1.472525
http://dx.doi.org/10.1021/acs.jpclett.9b00069
http://dx.doi.org/10.1103/PhysRevB.8.3493
http://dx.doi.org/10.1051/0004-6361/201528025
http://dx.doi.org/10.1051/0004-6361:200810434
http://dx.doi.org/10.1103/PhysRevB.94.115432
http://dx.doi.org/10.1038/s41550-022-01875-w
http://dx.doi.org/10.1093/mnras/stac3449
http://dx.doi.org/10.1051/0004-6361/202349120
http://dx.doi.org/10.1002/anie.201400066
http://dx.doi.org/10.1063/1.4885847
http://dx.doi.org/10.1093/mnras/stw373
http://dx.doi.org/10.1051/0004-6361/201525981
http://dx.doi.org/10.1021/acsearthspacechem.1c00357
http://dx.doi.org/10.1063/1.461897
http://dx.doi.org/10.1051/0004-6361/201832774
http://dx.doi.org/10.1111/j.1365-2966.2011.20351.x
http://dx.doi.org/10.1021/acs.jpcc.0c04463
http://dx.doi.org/10.1111/maps.12096
http://dx.doi.org/10.1038/s41550-018-0380-9
http://dx.doi.org/10.1086/519281
http://dx.doi.org/10.3847/1538-4357/ab8a4b
http://dx.doi.org/10.3847/1538-4357/ac0142
http://dx.doi.org/10.1016/0038-1098(80)90677-8
http://dx.doi.org/10.1039/C8CP01284A
http://dx.doi.org/10.3847/1538-4357/aaad09
http://dx.doi.org/10.1039/c5cp05040e
http://dx.doi.org/10.1103/PhysRevLett.115.046102
http://dx.doi.org/10.1051/0004-6361/202348427
http://dx.doi.org/10.1093/mnras/stu2709
http://dx.doi.org/10.1093/mnras/stab1151
http://dx.doi.org/10.1093/mnras/stae2017
http://dx.doi.org/10.1063/1.476839
http://dx.doi.org/10.1063/1.4871476
http://dx.doi.org/10.1051/0004-6361/201936522
http://dx.doi.org/10.1051/0004-6361/201936598
http://dx.doi.org/10.1021/jacs.0c04526
http://dx.doi.org/10.1021/jp911726s
http://dx.doi.org/10.3847/1538-4357/accae8
http://dx.doi.org/10.1063/1.444242
http://dx.doi.org/10.1016/0368-2048(83)80056-5
http://dx.doi.org/10.3847/1538-4357/aa72ec
http://dx.doi.org/10.1051/0004-6361/202557702
http://dx.doi.org/10.1016/j.molap.2017.11.001
http://dx.doi.org/10.1051/0004-6361/202039855
http://dx.doi.org/10.1086/341412
http://dx.doi.org/10.1088/0004-637X/742/1/28
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stag1471#supplementary-data
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 EXPERIMENTS
	3 RESULTS
	4 DISCUSSION AND ASTROPHYSICAL IMPLICATIONS
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPLEMENTARY MATERIAL

