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Abstract 

Water ice plays an important role in reactions taking place on the surface of interstellar ice 

grains, ranging from catalytic effects that reduce reaction barrier heights to effects that 

stabilize the reaction products and intermediates formed, or that favor one reaction pathway 

over another, passing through water-involvement in the reaction to produce more complex 

molecules that cannot be formed without water or water-derived fragments H, O and OH. In 

this context, we have combined experimental and theoretical studies to investigate ketene 

(CH2CO) + H solid-state reaction at 10 K in the presence and absence of water molecules 

under interstellar conditions, through H-bombardment of CH2CO and CH2CO/H2O ices. We 

show in the present study that with or without water, ketene molecule reacts with H atoms to 

form four reaction products, namely CO, H2CO, CH4 and CH3CHO. Based on the amounts of 

CH2CO consumed during the hydrogenation processes, the CH2CO + 2H reaction appears to 

be more efficient in the presence of water. This underlines the catalytic role of water ice in 

reactions occurring on the surface of interstellar ice grains. However, if we refer to the yields 

of reaction products formed during the hydrogenation of CH2CO and CH2CO/H2O ices, we 

find that water molecules favor the reaction pathway to form CH3CHO and deactivate that 

leading CH4 and H2CO. These experimental results are in good agreements with the 

theoretical predictions that highlight the catalytic effect of H2O on the CH2CO + H reaction, 

whose potential energy barrier drops from 4.6 kcal/mol (without water) to 3.8 and 3.6 

kcal/mol with one and two water molecules respectively. 
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1. Introduction 

The prebiotic building blocks detected or sought in the interstellar medium (ISM) play a 

fundamental role as building blocks of biological molecular complexes. In recent years, 

astrochemical and astrophysical research has focused on understanding the mechanisms of 

formation and evolution of these prebiotic building blocks in the ISM. The ketene molecule 

(CH2CO) is one of the simple organic species of astrophysical interest that plays an important 

role in prebiotic astrochemistry and has been the subject of several observational, 

experimental and theoretical studies
1-9

. Its detection was first proposed in Sagittarius B2 

(SgrB2)
10 

in the 1970s, then confirmed and extended to translucent clouds
11-13

, TMC-1, L183, 

prestellar core
14

 and extragalactic sources
15

. Organic species such as ketene can form and 

chemically evolve on the surface of water ices covering interstellar grains. However, 

amorphous solid water (ASW) is the most abundant water ice in the Universe and is 

ubiquitous in the ISM. In this context, a number of previous theoretical and experimental 

studies have focused on the role of water ice in the reaction processes that manage the 

chemistry of the interstellar medium, concentrating on photochemistry or radical reactions in 

interstellar ice analogues. Moore and Hudson
16

 studied the effect of H2O concentration on 

CH4 chemistry during proton bombardment at 10 K. They found that increasing the water 

content in the H2O-CH4 mixed ice leads to an increase in the production of oxidized species 

such as CH3OH, CH3CHO and CH3CH2OH, and a decrease in the formation of reduced 

species such as C2H6. Krim et al
17

 studied the influence of H2O on the VUV photochemistry 

of CH3OH in the solid phase. They showed that the irradiations of CH3OH ice and the 

H2O:CH3OH ice mixture lead to the production of H2CO, CO, CO2, CH4 and OHCH2-CH2OH 

as the main photoproducts, with a production of CO2, H2CO and CO strongly favored when 

CH3OH is diluted in water. The production of H2CO is increased by the reaction CH2OH + 

H2O, while that of CO2 is increased by the reaction CO + OH. This shows that water and even 

fragments of water can be involved to a greater or lesser extent in the chemistry of the ISM. 

Oberg et al. investigated the effect of water concentration on the photochemistry
18

 of more 

volatile species, in particular CH4, showing that H2O favors oxygen-rich products such as 

CH3OH and H2CO, as well as efficient trapping of the radicals formed in the ice. Pirim and 

Krim
19

 carried out the hydrogenation of pure CO ices, after which the CO concentration was 

progressively reduced and replaced by H2O molecules. They showed that H2O molecules 

favors the H-addition process over the H-abstraction reaction for the second stage of CO 

hydrogenation, thus leading to the production of CH3OH. Jonusas and Krim
20

 have shown that 
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the photolysis of NH3-H2O ice leads to NH2 and NH2OH as the main photoproducts, the 

formation of which is catalyzed by water molecules, and that the photochemical reaction is 

highly dependent on the temperature and environment in which NH3 and H2O are trapped.
 

Bulak et al.
21

 performed the VUV photolysis of CH3CN ices to investigate the formation of 

larger nitrogen containing organic molecules such as CH3CH2CN, NCCN/CNCN and 

NCCH2CH2CN. They have also shown that the photolysis of mixed H2O:CH3CN ices leads to 

the formation of species with different functional groups such as imines, amines, amides, 

large nitriles, carbocyclic acids and alcohols.
 
From a theoretical calculation point of view, the 

isomerization of trans-HCOH to H2CO in the presence of a water molecule was carried out 

using electronic structure calculations
22

. The presence of water molecules leads to a drastic 

reduction in the activation energy of at least 80% in the process of isomerizing trans-HCOH 

to H2CO. This shows the significant role of water in reactions occurring on the surface of 

interstellar ice grains.
 
Another theoretical study also highlights the catalytic role of water 

molecules, showing the possible formation of glycine from the reaction CH2=NH + CO + 

H2O. This study carried out by Nhlabatsi et al.
23

 shows that by increasing the number of water 

molecules to three or more, the height of the activation barrier leading to the reaction exit 

pathway is reduced to such an extent that the transition state is more stable than that of the 

reactants. In addition, using quantum mechanical calculations, Darla et al.
24

 studied the 

formation of formamide from HCN + 2H2O, analyzing the role of the second water molecule 

from three different points of view, as catalyst, spectator and reactant. Due to the catalytic 

effect of the water, the height of the barrier in the reaction pathway is reduced and proved to 

be lower than that of the reactants HCN + H2O. Water as a spectator does not radically affect 

the energy of the reaction HCN + H2O, but it does stabilize the products formed. Finally, as a 

reactant, the second H2O molecule takes part in the HCN+H2O reaction to produce the 

germinal-diol intermediate, which then leads to formamide as final product.
 
The formation of 

complex organic molecules on various ices has been studied theoretically, such as glycine, 

formamide and other nitrogen containing molecules. Also, a sequence of reaction allowing the 

formation of ethanal starting from CCO on a CO rich ice has been recently published
25-29

. 
 

Recently, our group have investigated the hydrogenation reaction of ketene ice
30 

at 10 K, 

showing that the reaction CH2CO + H in the solid state leads to the formation of carbon 

monoxide (CO), methane (CH4), formaldehyde (H2CO) and acetaldehyde (CH3CHO).
 
In the 

present study, we focus on the influence of H2O molecules on the hydrogenation of CH2CO. 

In order to describe the role of water ice in the hydrogenation of CH2CO, we compare the 
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results of experiments on CH2CO + H binary mixtures with those on CH2CO+H+H2O ternary 

mixtures, in the solid phase at 10 K. 

2. Experimental and calculation methods 

The experimental set-up used in this study has been described in detail previously
30,31

. Briefly, 

the experiments are carried out under ultra high vacuum at 10
–10

 mbar. The CH2CO/ H2O 

sample were prepared by co-condensation of CH2CO and H2O on a cryogenic metal mirror 

maintained at 10 K using a pulsed tube closed-cycle cryogenerator (Sumitomo cryogenics F-

70) and programmable temperature controller (Lakeshore 336). Ketene, produced by 

thermolysis of acetic anhydride at 900°C, is preserved under vacuum in a large trap 

maintained at -196°C with liquid nitrogen. Controlled evaporation of the ketene in the 

injection ramp is ensured by a cooling bath consisting of ethanol and liquid nitrogen 

maintained at -110°C. Ketene vapor pressures in the injection ramp are measured using a 

digital Pirani gauge, while the fractions of ketene gas injected into the experimental chamber 

are controlled using a leak valve. In order to study the influence of water on the of CH2CO 

hydrogenation reaction, two different experiments were carried out:  

Hydrogenation of pure CH2CO ice: As a reference experiment to investigate the CH2CO + H 

surface reaction, CH2CO ices are formed at 10 K and then bombarded with H-atoms. 

Hydrogenation of CH2CO/H2O ice: CH2CO/H2O ices are formed at 10 K and then bombarded 

with H-atoms. The sample is prepared by co-condensing CH2CO/H2O mixtures onto a 

substrate at 10 K with a mixing ratio = 4. However the real mixing ratio is deduced from 

calculations of column densities of CH2CO and H2O in the resulting solid sample. 

Atomic hydrogen is produced by a microwave driven atom source (SPECS PCR-ECS). This 

source uses a microwave discharge to generate gaseous plasma in a chamber supplied with 

molecular hydrogen. The resulting H/H2 mixture, a combination of both atomic and molecular 

hydrogen (H/H2) with a dissociation yield of 15%, is injected in the reaction chamber at a 

pressure of 10
-5

 mbar with an H-atom flux calculated around 1 × 10
15

 atoms cm
-2

 s
-1

. All the 

ice samples with or without hydrogenation treatment are probed by infrared spectroscopy in 

the transmission-reflection mode between 5000 and 500 cm
-1

, with a resolution of 0.5 cm
-1

, 

using a Bruker 120 FTIR spectrometer.  

For the theoretical part, for the CH2CO + H reaction in the presence of one or two water 

molecules, geometry optimizations were performed at the MP2/cc-pvtz level, followed by 
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single point CCSD(T) energy calculations. Potential energy barriers Activation energies were 

not ZPE corrected. The interaction geometries of CH3CO with ketene or water were 

optimized at the B3LYP/cc-pvtz level, with a MP2 single point energy calculation. The 

Gaussian 09 series of programs
32

 was used throughout this work. 

 

3. Results 

In order to highlight the specific role of water in the hydrogenation process of solid ketene 

under ISM conditions, we first present the results of our reference experiment in which pure 

ketene ice is deposited and then bombarded by H-atoms in the absence of water molecules. 

Figures 1.a and 1.b show the infrared spectra of solid ketene at 10 K before and after H-

bombardment, respectively. The IR signatures of solid CH2CO are characterized by a very 

intense signal at 2114 cm
-1

 corresponding to the C=O stretching mode, two signals at 3143 

and 3041 cm
-1

 attributed to the CH stretching modes, a signal at 1129 cm
-1

 characteristic of 

the C=C stretching mode and by two other IR signals corresponding to the CH2 bending and 

rocking modes detected around 1370 and 970 cm
-1

, respectively
 33,34

. After H-bombardment of 

CH2CO ice at 10 K, several products are observed through their characteristic fingerprints: 

formaldehyde
35,36 

(H2CO) at 1720 and 1500 cm
-1

, methane
37,38

 (CH4) at 1304 and 3009 cm
-1

, 

carbon monoxide
39

 (CO) at 2136 cm
-1

 and acetaldehyde (CH3CHO) at 1351 and 1718 cm
-1

. 
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Figure 1: a) IR spectrum of ketene ice formed at 10 K. b) IR spectrum of ketene ice after H-

bombardments. ( and  refer to the stretching, rocking and bending modes, respectively). 

Figures 2a and 2b show the IR spectra of pure CH2CO and CH2CO/H2O ices formed at 10 K, 

respectively, in the spectral region between 2200 and 900 cm
-1

. The IR spectrum of the 

CH2CO/H2O ice in Figure 2a is characterised by a broad absorption band at 1600 cm
-1

 due to 

H2O and by four IR signals, also observed in Figure 2b, which are attributable to CH2CO. 

However, the IR spectrum of the CH2CO/H2O ice also shows new IR signals around 1827, 

1801, 1737, 1437, 1050 and 1000 cm
-1

 which cannot be attributed to either H2O or CH2CO 

but to a product from H2O + CH2CO reaction which takes place in the ramp injection line 

before the CH2CO/H2O mixture is introduced into the reaction chamber. Kahan et al.
40

 have 

shown that in gas-phase, the presence of water vapor at 295 K with ketene lead to acetic acid 

acetic anhydride:
 

CH2=C=O + H2O → CH2=C-(OH)2 → CH3-COOH 

CH2=C=O + CH3-COOH → CH3-(CO)-O-(CO)-CH3 
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The first stage of the reaction is the formation of CH3-COOH by the interaction between 

ketene and water. Then CH3-COOH may react with additional CH2CO to form anhydride 

acetic acid (CH3COOCOCH3). Based on this observation, we recorded the IR spectrum of the 

acetic anhydride (Figure 2c) and we note that all the new signals we observe in the IR 

spectrum of the CH2CO/H2O ice correspond exactly to the IR signatures of CH3COOCOCH3.  

 

Figure 2: IR spectrum of a) CH2CO/H2O ice formed at 10 K. b) CH2CO ice formed at 10 K.  

c) Reference spectrum of acetic anhydride (CH3COOCOCH3) recorded at room temperature. 

 

Before presenting the results of the CH2CO + H2O + H reaction, it is important to note that 

CH3COOCOCH3 is present in all the hydrated samples CH2CO/H2O. Figure 3.a and 3.b show 

the IR spectra of CH2CO/H2O ice before and after H-bombardments, respectively. We have 

detected H2CO at 1500 and 1728 cm
-1

, CH4 at 1304 and 3009 cm
-1

, and CH3CHO 

characterized at 1351 and 1728 cm
-1

.  
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Figure 3. a) IR spectrum of CH2CO/H2O ice formed at 10 K. b) IR spectrum of CH2CO/H2O 

ice after H-bombardments.  

Figure 4.a and 4.b show the resulting difference spectra after and before H-bombardment at 

10 K of CH2CO/H2O and pure CH2CO ices, respectively, in the 2400-1100 cm
-1

 spectral 

region. The negative signals are due to the reactants consumed while the positives signals are 

due to the reaction products formed after hydrogenation. Comparison between Figures 4a and 

4b shows that the H-bombardments of CH2CO/H2O ice leads to the same reaction products 

obtained after H bombardments of pure CH2CO ice. Consequently, no additional IR signal is 

detected during the H-bombardment of CH2CO/H2O ice, but only an increase in the yield of 

CH4, H2CO and CH3CHO reaction products and in the rate of consumption of ketene as a 

reactant. In fact, as shown in Figure 4a, for the difference spectrum after and before H-

bombardment at 10 K of CH2CO/H2O ice, the IR signals of H2O and CH3COOCOCH3 remain 

constant during the hydrogenation process. Therefore, neither H2O nor CH3COOCOCH3 are 

consumed during H bombardment of the CH2CO/H2O solid sample. 

3900 3600 3300 3000 2700 2400 2100 1800 1500 1200

0.00

0.02

0.04

0.06

0.22

0.24

0.26

0.28

H
2
O

H
2
O


CH


HCH


C=C


HCH


CO

CO
2

H
2
CO

CH
4 H

2
CO + CH

3
CHO

CH
4

b

a

 
A

b
s
o

rb
a
n

c
e

Wavenumber (cm
-1
)



9 
 

Comparison of figures 4a and 4b shows that the presence of water in the sample leads to a 3-

fold increase in ketene consumption during the hydrogenation process. The reaction products 

are also formed in large quantities in the presence of water. This shows the catalytic role of 

H2O on the CH2CO + H reaction. However, in comparison with the production of CH4 and 

H2CO, the formation of CH3CHO appears to be much greater in the CH2CO/H2O ice than in 

the pure CH2CO ice. Between Figures 4a and 4b, the CH4 and H2CO signals are multiplied by 

about 2, while the CH3CHO signal at 1351 cm
-1

, drowned in the noise in Figure 4b, stands out 

clearly in the presence of water in Figure 4a. For these two experiments relating to the H-

bombardment of CH2CO with and without water, we estimated the quantity of ketene 

consumed and that of CH4, H2CO and CH3CHO formed by determining the column density n 

(molec cm
-2

) defined as follows:   

  n = 
           

  
         

with the integral being the integrated band area (cm
-1

), ε is the extinction coefficient (cm 

molec
-1

) and cos(8°)/2 is a correction term which takes into account the geometry of our IR 

measurements
41

. Table 1 shows the vibrational modes, spectral positions and band strengths 

considered for the calculations of column densities of CH2CO, H2O and reaction products. 

Table 1. Vibrational modes, spectral positions and band strengths of CH2CO, CH4, H2CO and 

CH3CHO  

Molecule Mode Position band 

(cm
-1

) 

  (cm molec 
-1

) Ref 

CH2CO CH2 bend 

C=O str 

1376 

2114 

2.7       

1.2        

42 

H2O Bend 

OH-str 

1657 

3257 

1.0         

2        

43 

CH4 CH2 bend 

C-H str 

1304 

3012 

8        

1.1        

43 

H2CO CH2 bend 

C=O str 

1500 

1723 

5.1       

1.6        

43 

CH3CHO CH2 bend 

C=O str 

1351 

1728 

4.5        

3        

44 
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Figure 4:  Difference spectrum before and after H-bombardments at 10 K of a) CH2CO/H2O 

ice. b) CH2CO pure ice. Zoom in 2400-1100 cm
-1

 spectral region. 

Table 2 shows the quantities of ketene consumed and products formed for the CH2CO + H 

surface reaction, compared with those obtained for the CH2CO/H2O + H surface reaction. For 

CH2CO + H surface reaction, the calculation of column density show that the amount of 

ketene consumed after H-bombardments is 0.5       molec cm
-2

.  For the reaction products, 

the calculation of column densities shows that the amount of CH4 formed is             

molec cm
-2

, for H2CO is             molec cm
-2

 and for CH3CHO is             molec 

cm
-2

. For the CH2CO/H2O + H surface reaction, the CH2CO consumed after H-bombardments 

is three time higher than for the pure ketene hydrogenation reaction (1.4       vs 0.5 

    ). As mentioned above, in the presence of water molecule, the IR signatures of reaction 

products increase. So, the amount of CH4 formed increases from             to       

       molec cm
-2

, those of the H2CO and CH3CHO increase from             to       

       molec cm
-2

 and from             to              molec cm
-2

, respectively.  
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Table 2. Column densities (molec cm
-2

) of the reaction products formed during CH2CO+H 

and CH2CO/H2O+H solid state reactions. 

  CH2CO 

H-

bombardment 

H2O CH2CO 

consumed 

CH4 H2CO CH3CHO 

CH2CO +  H 

surface reaction 
2.7  10

17
 0 0.5  10

16
 0.31  10

16
 0.16  10

16
 0.06  10

16
 

CH2CO/H2O +H 

surface reaction 
1.9  10

17
 0.8  10

17
 1.4  10

16
 0.56  10

16
 0.27  10

16
 0.18  10

16
 

 

Based on the amounts of CH2CO consumed during the hydrogenation processes, the CH2CO 

+ 2H reaction appears to be more efficient in the presence of water. However, if we refer to 

the yields of reaction products during the hydrogenation of CH2CO and CH2CO/H2O ices, we 

find that the reaction pathway to form CH3CHO via the CH2CO + 2H reaction has the same 

yield with or without water (12.0% versus 13%). On the other hand, in the presence of water, 

the yield of CH4 drops from 62 % to 40% and that of H2CO from 32% to 19%. These results 

suggest that water molecules deactivate the reaction pathway to form CH4 and H2CO. 

 

4. Discussion 

A recent experimental and theoretical study was carried out by our group to investigate the 

CH2CO + H solid state reaction under interstellar conditions
30

. We proposed that ketene 

molecule reacts with H atoms and leads to the formation of four reaction products, namely 

CO, H2CO, CH4 and CH3CHO. We showed that CH3CHO would form through two reaction 

pathways. The H atom attacks one of the two C atoms of CH2CO to form CH3CO or 

CH2CHO radicals, then these two radicals react with additional hydrogen atoms to form 

CH3CHO. Our calculations have shown that the formation of CH3CO (reaction 1) and 

CH2CHO radicals (reaction 2) presents two different energy barriers of respectively 4.6 and 

8.5 kcal/mol, respectively at the CCSD(T)/MP2/cc-PVTZ level (after ZPE correction), close 

to very recent results
29

. 2.4 and 6.7 kcal/mol at the CCSD(T)/MP2/cc-PVTZ level (4.6 and 8.5 

kcal/mol respectively after ZPE correction).  

H + H2C=C=O → H3C-CO      (reaction 1) 

H + H2C=C=O → H2C-CHO     (reaction 2) 
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This would suggest that CH3CO radicals would be formed in preference to H2C-CHO through 

CH2CO + H under non-energetic conditions. The theoretical calculations showed that CH3CO 

+ H reaction evolves throughout two barrierless pathways to form CH3CHO or CO and CH4 

fragments:  

H + CH3-CO → CH4 + CO      (reaction 3) 

H + CH3-CO → CH3CHO      (reaction 4) 

In the present work, we try to determine the influence of water molecules in the hydrogen 

atom reactions on hydrogenation reaction of CH2CO in solid phase at 10 K. We show in this 

study that this reaction on the hydrogenation of CH2CO/H2O ice leads to the formation of the 

same reaction products as obtained with of the hydrogenation of pure CH2CO ice. From the 

IR spectra, the amounts of the consumed reactant (CH2CO) and formed products (CH4, H2CO 

and CH3CHO) have been evaluated for the same H-bombardment of ketene ice with and 

without water. The resulting column densities calculated for CH2CO/H2O + H and CH2CO + 

H surface reactions allow to identify the catalytic role of H2O in this process the 

hydrogenation process. The solid obtained by co-deposition of water and ketene at 10 K is 

supposed essentially amorphous. The main difference with the pure ketene ice should be the 

presence of ketene molecules interacting with a few water molecules. Taken into account the 

ratio CH2CO:H2O of 2.5 (Table 2), it seems reasonable to study reaction 1 in the presence on 

one and two water molecules. Several structures of CH2CO,H2O (S1) and CH2CO,2H2O (S2) 

close in energy are found. Some of them are displayed in figure 5 together with the 

corresponding transition states TS1 and TS2. Thus, reaction 1 was studied in the presence of 

one and two water molecules. The corresponding transition states TS1 and TS2 were 

characterized, and the activation energies computed with respect to solvated ketene 

CH2CO,H2O and CH2CO,2H2O, respectively (Figure 5). 
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Figure 5: Structures of hydrated ketene (distances in Å ) and transition states of H addition. 

Structures and relative energies of hydrated ketene (distances in Å ) and transition states of H 

addition (CCSD(T)/cc-PVTZ//MP2/ cc-PVTZ). 
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The activation energies for H addition to ketene in the presence of nH2O (n = 0, 1, 2) are 

reported in Table 3. In Table 3 are reported the potential energy barriers for H addition to 

ketene in the presence of nH2O (n = 0, 1, 2), starting from the most stable ketene,nH2O 

structure (see figure 5). Indeed, these reactions involve some rearrangement of the system 

which could be more or less hindered by steric constraints on ice surface. As a result, starting 

from a higher energy hydrated ketene structures such as S1(b), S1(c) and S2(b) could lower 

the energy barrier to TS1 and TS2 by 0.6, 1.3, and 2.6 kcal/mol respectively. On the contrary, 

under other constraints, the reaction could occur by overcoming a barrier higher than TS1 and 

TS2. Finally, the values reported in Table 3 can be regarded as the mean energy necessary to 

get the reaction. 

Table 3. Activation energy Ea (kcal/mol) of the reaction H + H2C=C=O, nH2O → H3C-CO  (n 

= 0, 1, 2) molecules, at the CCSD(T)/MP2/cc-pVTZ (not ZPE corrected) level. Potential 

energy barriers Ea (kcal/mol) of the reaction H + H2C=C=O, nH2O → H3C-CO (n = 0, 1, 2) 

molecules, at the CCSD(T)/cc_pVTZ//MP2/cc-pVTZ  level. 

 CH2CO CH2CO, H2O CH2CO,2H2O 

Ea 2.4 1.1 0.9 

 

 CH2CO CH2CO,H2O S1(a) CH2CO,2H2O S2(a) 

Ea 2.4 1.1 0.9 

Ea ZPE corr 4.6 3.8 3.6 

 

 

These results evidence the catalytic effect of H2O on this reaction whose potential energy 

barrier activation energy drops from 4.6 2.4 kcal/mol (without water) to 3.8 and 3.6 1.1 and 

0.9 kcal/mol with one and two water molecules, respectively. Water stabilizes the TSs by 

interaction of one of its hydrogen with the H radical. Indeed, nearby TS distance, the 

attacking H atom becomes slightly negative (ca. -0.1 a.u.) by a weak electron transfer from 

the high-lying  HOMO of ketene. It results in a HO-H(+)…H(-) stabilizing interaction, 

with a relatively short H….H distance in the TS. It can be noted that the decrease of the 

energy barrier is 0.8 kcal/mol by the first water molecule and only 0.2 kcal/mol by the second 

one: one can guess that a bigger water cluster would not have a significant additional effect. 
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Another effect of water is to disfavour methane formation (reaction 3). As already mentioned, 

this reaction is barrierless dealing with isolated CH3-CO. We verified that it is always the case 

with CH3CO,H2O by a scan at the CCSD level, to take into account the singlet diradical 

character of this system which obviously, it assumes the absence of any obstacle on the 

reaction path
45

. and we verified that it is always the case with CH3CO,H2O. This result thus 

could originate from steric constraints in interactions of CH3CO with water molecules of the 

ice surface. Indeed, reaction 3 needs the approach of H atom in the CH3 umbrella, near the C-

C direction. So, we compared two types of interaction of CH3CO with three model surfaces: 

ketene, H2O and (H2O)2 (Figure 6). 

Methanal H2CO is a secondary product of reaction 3 by hydrogenation
46-47 

of CO. Taking into 

account that the amount of CO formed is the same as that of CH4, Table 2 reveals that about 

half of CO molecules undergo hydrogenation in both cases: 0.16/0.31 without water vs. 

0.56/0.27 with water. The presence of water thus appears to have a negligible effect on the 

formation of H2CO. 

                         

 

Figure 6: Some geometry interaction of CH3CO, with ketene and water (distances in Å ); 

interaction energies (kcal/mol) with respect to CH3CO at infinite separation. 

In a first type, a double interaction occurs between CH3CO and the surface (a, b, c); in a 

second type, a single interaction occurs (a’, b’, c’). The interaction energy with respect to 

CH3CO at infinite separation is reported for each structure. First, the interactions with ketene 

(a, a’) are relatively weak and one can suppose some “freedom” of CH3CO on a ketene ice. 

On the contrary, the interactions with water are significantly greater, especially in double 

interactions (b, c) which appear sterically less favourable to CH4 formation. 



16 
 

 

Conclusions 

In the present work, we investigate the influence of water molecules in the solid-phase 

hydrogenation reaction of CH2CO at 10 K. We show that the hydrogenation of CH2CO/H2O 

ice leads to the formation of the same reaction products as the hydrogenation of pure CH2CO 

ice. The column densities calculated for the surface reactions CH2CO/H2O + H and CH2CO + 

H underline the catalytic role of H2O in the hydrogenation process. Based on the quantities of 

CH2CO consumed during the hydrogenation processes, the CH2CO + 2H reaction appears to 

be more efficient in the presence of water. However, if we refer to the yields of reaction 

products during the hydrogenation of CH2CO and CH2CO/H2O ices, we find that the reaction 

pathway to form CH3CHO via the CH2CO + 2H reaction has the same yield with or without 

water while those of CH4 and H2CO drop considerably.  Our experimental results suggest that 

even if they have a catalytic role during the hydrogenation of CH2CO, water molecules tend 

to deactivate the reaction pathway leading to CH4, CO, and H2CO. Our theoretical 

calculations show that the intermediate reaction CH3CO radicals would be formed in 

preference to H2C-CHO through the H-addition reaction CH2CO + H. Then CH3CO + H 

reaction evolves throughout two barrierless pathways to form (CH3CHO) or (CO, H2CO and 

CH4). The catalytic effect of H2O on the CH2CO + H reaction is highlighted through the 

calculation of the potential energy barrier activation energy which drops from 4.6 kcal/mol 

(without water) to 3.8 and 3.6 kcal/mol with one and two water molecules, respectively. The 

effect of water on reducing methane formation is mainly attributed to steric constraints in the 

interactions of CH3CO with water molecules. The H2O-CH3CO interaction is considerably 

greater, which seems sterically less favorable to the formation of fragments such as CO and 

CH4. 
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