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The present work aims to highlight the influence of water molecules in the photo-decomposition of methane 

ice and reveal the photoproducts formed in solid phase upon VUV irradiation of CH4–H2O mixture in methane-

rich ices. The analysis of our IR spectra shows that even with very low concentrations of water in methane ices, 

several oxygenated hydrocarbons are formed as photoproducts derived from the photodecomposition of water 

and methane at cryogenic temperatures. We show that both alka[e]nes and oxygen bearing organics are effi-

ciently formed at temperatures as low as 3 K. However, while the IR signatures of the alka[e]nes such as C2H6, 

C2H4 and C2H2 dominate the IR spectra of the irradiated CH4–H2O ices at temperatures lower than 50 K, the 

heating of the sample to 110 K reveals the formation of large carbon chain complex organic molecules such as 

ethanol, pronanol, propanal and glycolaldehyde. 
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Introduction 

Saturated and unsaturated hydrocarbons are likely form-

ed in aerosol particles of CH4-rich atmospheres of planets 

and moons such as Saturn and Saturn’s huge moon Titan. 

The icy surfaces of some solar objects such as Pluto, Saturn 

and Titan may host giant dunes of hydrocarbons like methane 

and ethane ice dunes which have been reported through 

images [1] from the New Horizons flyby of Pluto in July 

2015. Additionally, methane and ethane mixed ice clouds 

are both present in the troposphere and stratosphere of Ti-

tan atmosphere [2]. In this sense, photochemistry of meth-

ane ices has been investigated by several groups in pure 

methane and rare gas matrices in order to explore the for-

mation routes of carbon chains and hydrocarbon detected 

towards planetary atmospheres and molecular clouds. Wu 

et al. [3] studied, using synchrotron vacuum-ultraviolet light, 

the photolysis of methane dispersed in solid neon. They 

showed that carbon chains up to five carbon atoms are eas-

ily formed at cryogenic temperatures and might be part of 

the chemical composition of methane rich regions in space. 

Similar investigations carried out by Lin et al. [4] un-

derlined the formation of large carbon chains up to 20 car-

bon atoms and other various radical saturated and unsatu-

rated hydrocarbons. The cryogenic synthesis of CH, CH2, 

CH3, C2H2, CH2H3, C2H4, C2H5 and C2H6 has been ex-

amined by Bennett et al. [5] through energetic electrons ir-

radiation of pure methane ices to mimic the role of cosmic-

ray particles in the chemical transformation of methane 

which can be the source of large complex molecules in-

cluding prebiotic species [6]. Laboratory studies of methane 

ice photolysis have been extended to molecular ices rele-

vant to cometary and interstellar ices and also to icy satel-

lites of planetary systems in order to identify the complex 

organic molecules formed in astronomical environments. 

Several studies have been focused in photolysis and 

radiolysis of CH4–H2O mixed ices to probe the formation 

of oxygen bearing species already detected or looked for 

in space such as ethanol (C2H5OH), dimethyl ether 

(CH3OCH3) [7], methyl acetate (CH3COOCH3) [8], ethyl for-

mate (C2H5OCHO) [8] and glycolaldehyde (HOCH2CHO) 

[9]. Moore et al. [10,11] highlight radiation experiments in 

H2O-rich ices containing astrochemical species relevant 

such as CO, C2H2 and CH4. They identified many complex 

species which depend strongly on the chemical composi-

tion of the irradiated ices.  

In the case H2O–CH4 mixed ices, three H2O-rich ices 

with different H2O:CH4 concentrations, 2:1, 7:1, and 15:1, 

have been considered. The IR spectra recorded after irra-

diation showed the formation of C2H6, C3H8, CH3OH, 
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C2H5OH, H2CO, CH3CHO in addition to CO and CO2. 

Although the H2O:CH4 concentrations have been specifi-

cally chosen based on astronomical detections where CH4 

is highly less abundant than water; Bockelee-Morvan et al. 

[12] reported from Rosetta observations that in the coma of 

comet 67P, methane abundance relative to water is ranged 

between 0.2 and 0.5%; these laboratory simulations carried 

out in order to provide significant data correlating to such 

observations, cannot reveal the nature of all chemical spe-

cies formed during the photo processing of CH4–H2O 

mixed ices in water-rich environment configuration. In fact 

even in the case of experiments performed with the lowest 

concentration of water (H2O:CH4 = 2:1), the IR spectra 

recorded by Moore and Hudson are dominated by the huge 

wide absorption bands of water ice which hide many reac-

tion products formed during the photolysis processing. 

In order to study the influence of H2O molecules in the 

photo-induced decomposition of CH4 in solid phase, we 

have investigated the photolysis of CH4–H2O mixed ices 

in CH4-rich environments. Counter to H2O-ice which has 

strong absorption signals in practically all the MID–IR 

spectral region; the H2O-twisting mode IR signal is ex-

panded in the 500–1000 cm
–1

 spectral region, H2O-bend-

ing mode absorb in a wide spectral range 1400–1700 cm
–1

 

and the 2800–3700 cm
–1

 spectral region is congested by 

the huge absorptions of OH vibrations; the IR absorption 

signals of CH4-ice, even with very high concentration of 

methane, consist of two main relative narrow bands at 1301 

and 3012 cm
–1

. Consequently, the isolation of H2O + CH4 

photo-induced solid state reaction in methane-rich envi-

ronment will allow a better identification of the reaction 

products derived from the simultaneous solid state decom-

position of H2O and CH4. 

Experimental section 

The experimental setup used in the present study has al-

ready been described in previous articles [13], thus only 

important features are mentioned hereafter. The experiments 

are performed under ultra high vacuum at 10
–10 

mbar. 

A Rh-plated copper mirror is used as a substrate to con-

dense the reactants and to form the CH4–H2O mixed ices. 

CH4 (99.999%) purchased from Messer and demineralized 

and degassed H2O are co-condensed pure at 3 K. The pho-

tolysis of our samples during 30 min, have been performed 

using a VUV lamp with a flux around 10
15

 photons·cm
–2

·s
–1

 

(Hamamatsu L10706 UV) and photon outputs of 25% at 

121 nm (~10.3 eV) and 75% at 160 nm (~7.7 eV). 

The infrared spectra of the solid samples before and af-

ter photolysis are recorded using a Bruker Vertex 80v Fou-

rier infrared (FTIR) spectrometer in transmission–reflec-

tion mode. The sample thickness and the exact amount of 

CH4 and H2O forming the ice have been evaluated, as it 

will be discussed in the result section, from the IR spectra 

of CH4-rich ices by calculating the column densities (mo-

lecule·cm
–2

) of CH4 and H2O. Additionally, IR spectra of 

pure, methanol, ethanol, propanol and propanal ices have 

been recorded under the same experimental conditions and 

taken as reference spectra to characterize the reaction pro-

ducts which may derive from the irradiation of CH4-rich 

ices containing water. 

In order to reduce the recombination between the pho-

toproducts derived from CH4 and H2O dissociations and 

avoid the formation of hydrated complexes trapped in 

CH4-matrix, all the photolysis experiments have been car-

ried out at the lowest temperature reached with our ex-

perimental setup that is 3 K. However, the goal of the pre-

sent work is not to assign all the IR signals of the species 

formed after photolysis and trapped in CH4-matrix at 3 K 

but to have an IR spectrum of heavy oxygenated species 

which would form through the photo-induced solid state 

reaction involving H2O and CH4. In fact, in addition to 

promote radical-radical reactions similar to those occurring 

at the surface of astronomical icy grains, the heating of the 

irradiated CH4–H2O ices from 3 to 110 K allows to re-

move all alka[e]nes and to reveal the IR signatures of large 

carbon chain complex organic molecules without being 

hindered by the absorption bands of water ice. Such IR 

signatures are very important to be compared to references 

spectra of astronomically relevant large hydrocarbons. 

Results and discussion 

As the present study is devoted to emphasize the influ-

ence of water molecules in the photo-decomposition of the 

solid methane, one should pay attention on the main pho-

toproducts realized from the irradiation of methane ice 

which has been largely investigated previously [4,5,14]. As 

mentioned in the introduction part, many laboratory simu-

lations of energetic decomposition of pure methane ice 

have been explored in order to underline the role of CH4 

fragmentation in the formation of complex organic mole-

cules on the surfaces of icy bodies in the interstellar me-

dium, comets and solar system objects. 

In this context, using infrared absorption signatures to 

indentify the photoproducts, Lin et al. [4] showed that pure 

methane ices and methane dispersed in solid neon at 3 K 

subjected to irradiation at wavelengths less than 165 nm 

lead to the formation of CH3, C2H2, C2H3, C2H4, C2H6, 

C4H2, C4H4, C5H2, C8H2 and CnH with n = 1−5. They 

also showed that the adding of small amount of H2 into so-

lid neon enhanced the formation of long carbon chains Cn 

species, with n = 3−20. Bennett et al. [5] showed that pure 

methane ices irradiated at 10 K with energetic electrons 

lead mainly to the formation of CH, CH2, CH3 and C2H2, 

C2H3, C2H4, C2H5 and C2H6. Vasconcelos et al. [14] have 

confirmed, using ions bombardment of methane ice at 

16 K, the formation of C2H2, C2H4, C2H6, C3H8, C4H8 

and CH3. However, they showed that CH4 ices exposed to 

energetic radiations lead to the formation of propane C3H8 
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as the most abundant photoproduct contradicting previous 

laboratory results which showed that was ethane C2H6. 

They gave a yield ratio [C3H8]/[C2H6] of the order of 20. 

In order to reveal the new photoproducts formed upon 

UV irradiation in methane ices containing small amounts 

of water, methane-rich samples have been prepared by keep-

ing the concentration of methane constant and varying that 

of water. Figure 1 shows the IR spectra of three CH4-rich 

ices containing small amounts of water with concentrations 

of CH4:H2O = 3:1, 6:1 and 200:1. The assignments of all 

vibrational modes of CH4–H2O ice are directly reported in 

the figure [15]. 

The amounts of CH4:H2O concentrations have been 

evaluated from the IR spectra of CH4-rich ices formed at 

3 K. Even though the band strengths of molecular species 

depend strongly on the environment where they are trapped, 

we have preformed these column densities calculation in or-

der to estimate the relative concentrations ratios [CH4]/[H2O]. 

The column densities n (molecule·cm
–2

) of the CH4 and 

H2O can be deduced from the integrated IR intensities of 

the corresponding characteristic absorption bands [16]. 

In the case of water, the bending mode of H2O 

at 1600 cm
–1

 has been used with the band strength of 

1.2·10
–17 

cm·molecules
–1

 taken from Gerakines et al. [17] 

investigations (the same value has been also predicted by 

DFT calculations for water monomer [18]). For the methane 

ice, as the samples are CH4-rich ices, the CH4 fundamental 

bands at 1306 and 3015 cm
–1

 are saturated, we have thus 

used the combination absorption band of CH4 at 4202 cm
–1

 

with the band strength [19] of 1.6·10
–18

 cm·molecules
–1

 to 

estimate the amount of CH4 in each sample. Knowing that 

CH4 ice at cryogenic temperatures has a density [20] of 

0.47 g·cm
–3

, we have deduced the thickness of our samples 

around 1 m. In such samples of methane ices containing 

small amounts of water, CH4 molecules form a crystal 

where H2O are entrapped. 

Through this methane matrix isolation, we can distin-

guish the formation of many water clusters such as (H2O)n 

where n = 1–6 as shown in Fig. 1. All these complexes 

absorb in the same spectral region for the bending mode at 

1600 cm
–1

, but they have their characteristic spectral posi-

tions in the OH stretching region, ranging from 3800 to 

3100 cm
–1

. The formation of water clusters in CH4 matrix 

is in good agreement with the studies carried out by Yama-

kawa et al. [21]. However, we notice that in diluted sample 

with CH4:H2O concentration equal to 200:1, only water 

monomer has been detected (Fig. 1(a)). By increasing the 

amount of water in methane ice (Figs. 1(b) and 1(c)), we 

favor the formation of water aggregates. The samples con-

taining water clusters (Figs. 1(b) and 1(c)) can also be char-

acterized by monitoring the water aggregate libration through 

the huge and wide absorption band in the 900–600 cm–1
 

spectral region. 

Figure 2 shows the global results of the photolysis of 

CH4-rich ices containing different amounts of water. Many 

new signals appear in different spectral regions. The new 

signals are due to the photo fragments released from the 

photo-destruction of CH4 and H2O molecules as well as to 

reaction products formed through recombination between 

all the photo fragments. In addition to the formation of CO 

and CO2 shown in Figs. 2(b), 2(d), 2(f) and which result 

from the oxidation of methane, other oxygen bearing or-

ganics such as alcohols and aldehydes are formed as pho-

toproducts. However, many of the new signals observed in 

the IR spectra of the irradiated samples, shown in Figs. 2(b), 

2(d), 2(f), have already been observed previously and as-

Fig. 1. IR spectra of CH4-rich ices containing H2O formed at 3 K with CH4:H2O concentrations equal to: 200:1 (a), 6:1 (b), 3:1 (c). 
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signed to alka[e]nes which are proper photoproducts real-

ized from methane such as C2H6, C2H4 and C2H2 absorb-

ing strongly in the 500–1000 cm
–1

, 1300–1500 cm
–1

 and 

3200–2800 cm
–1

 spectral regions. 

In order to characterize the reaction products formed 

during the CH4–H2O photolysis at 3 K we have analyzed 

the difference spectra before and after UV photolysis in 

5 spectral regions: 

i) C–O stretching region @ 1300–500 cm
–1

: this region 

corresponds to the torsion modes of many alka[e]nes and 

also to the C–O stretching mode of many alcohols. This 

spectral region is shown in Fig. 3 and it will be used to 

characterize the different alcohols formed under our expe-

rimental conditions. 

ii) H–C–H bending region @ 1500–1300 cm
–1

: this re-

gion shown in Fig. 4, corresponds to the bending modes of 

many alkanes and alcohols. 

iii) C=O functional group region @ 1900–1600 cm
–1

: 

this region shown in Fig. 5 corresponds to many species 

with C=O functional groups such as HCO and H2CO. It 

will be used to characterize species with carbonyl func-

tional groups which might be formed under our experimen-

tal conditions. 

iv) CO and CO2 @ 2500–2100 cm
–1

: the region of CO 

and CO2 molecules already shown in Fig. 2, will not be 

discussed as CO and CO2 are natural reaction products 

from CH4 oxidation. 

v) CH and OH stretching mode region @ the 3500–

2800 cm
–1

: This zone is dominated by the IR signals of 

(H2O)n, CH4, C2H6 species and will be analyzed afterward 

during the heating of the sample, once all the alka[e]nes 

CxHy species, which desorb at temperatures lower than 80 

K, are removed from the samples. 

Figures 3 and 4 show the difference spectra before and 

after UV photolysis of CH4-rich ices containing different 

amounts of water in the 1300–500 cm
–1

 and 1500–1300 

cm
–1

 spectral regions, respectively. The analysis of the 

spectra from these two figures shows the formation of 

many alka[e]nes such as C2H6, C2H4, C2H2, C3H8 in addi-

tion to two radicals CH3 and C2H5. 

The spectral positions of all these species are in good 

agreement with previous experimental [4,5,14] studies 

devoted to CH4 ice photolysis or radiolysis and showing 

that the photolysis of methane leads mainly to the forma-

tion of saturated and unsaturated hydrocarbons. The adding 

of water into CH4 ice shows, in the difference spectra, new 

IR features due to the formation of oxygen bearing species. 

As the photolysis of methane ice leads mainly to long 

chain carbon species observed experimentally in Fig. 3 and 

as the adding of small mount water in methane ice brings 

additional reactants, during the photolysis of the sample, 

namely: H2O, H, O, and OH species [22], we can suggest 

that species with several carbon atoms and one oxygen 

atom may form first as primary reaction products. Conse-

quently, CH3 + OH, CH3 + O, CH2 + OH, CH2 + O reac-

tions may occur first leading to the formation of radical 

and stable species. In such a situation oxygen bearing spe-

cies such as alcohols and aldehydes can be formed through 

processes involving fragments from methane and water. 

We notice from Fig. 3 that counter to the IR signals of 

alka[e]nes whose spectral shapes and intensities are water 

independent, those corresponding to oxygen bearing spe-

Fig. 2. IR spectra of CH4-rich ices containing H2O formed at 3 K, before and after UV photolysis: (a) CH4 + H2O (200:1) ice; (b) CH4 + 

+ H2O (200:1) ice after UV photolysis; (c) CH4 + H2O (6:1) ice; (d) CH4 + H2O (6:1) ice after UV photolysis; (e) CH4 + H2O (3:1) ice; 

(f) CH4 + H2O (3:1) ice after UV photolysis. 
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cies depend strongly in the amount of H2O trapped in CH4 

matrix. In relatively diluted samples (Figs. 3(a) and 3(b)) 

the IR signals of the oxygenated photoproducts are clearly 

visible and well resolved. They become wider by increas-

ing the water concentration in the sample (Fig. 3(c)). Ac-

cordingly, Figs. 3(a) and 3(b) allow the identification of 

oxygen bearing reaction products through their absorption 

bands which are clearly well defined and located at 

1024.4, 1041.6, 1070.3, 1084.1, 1124.1, 1174.9, 1191.8, 

1246.7 cm
–1

. 

The C–O stretching absorption peaks of alcohols are in-

tense and normally fall between 1200 and 1000 cm
–1

. Con-

sequently, the peaks at 1024.4, 1041.6, 1070.3 cm
–1

 can be 

assigned to the C–O stretching mode of CH3OH, 

CH3CH2OH, CH3CH2CH2OH, respectively. The IR char-

acterizations of solid CH3OH, CH3CH2OH in different 

environments, have been investigated by many groups. 

Moore and Hudson [11] for example measured the charac-

teristic IR signal of CH3OH and CH3CH2OH trapped in 

CH4–H2O ice at 1020 and 1047 cm
–1

, respectively, which 

is in good agreement with our assignments, concerning 

methanol and ethanol. 

It is important to notice that among those absorption 

peak which may correspond to photoproducts trapped in 

CH4–H2O environments, some would be due to hydrated 

complexes where a photoproduct is complexed to water 

such as CH3OH–H2O wish are formed in samples with 

relative high amounts of water. This point will be dis-

cussed below concerning the H2CO and H2CO–H2O detec-

tion. However, the matrix isolation study carried out by 

Bakkas et al. [23] showed that the C–O stretching absorp-

tion peaks of CH3OH is bleu shifted by 13 cm
–1

 in hyd-

rated methanol. This suggests that under our experimental 

conditions CH3OH–H2O would absorb at 1033 cm
–1

. Such 

a peak is not observed in Fig. 3(a) where the amount 

of water is not high enough to form hydrated complexes. 

In the difference spectra of Figs. 3(b) and 3(c) a new peak 

appears at 1033 cm
–1

, confirming the fact that hydrated com-

plexes may be present under our experimental conditions 

only in samples with high amount of water (Figs. 3(b), (c)). 

From these observations, we have checked systematically 

the absorption peaks related to the reaction products and 

those related to hydrated reaction products. 

As mentioned earlier, the IR identification of CH3OH 

and CH3CH2OH has been based on previous studies [11–23], 

however, propanol has been less studied and for this rea-

son, we have investigated the behavior of the spectral posi-

tion shifts of the C–O stretching vibration of CH3OH, 

CH3CH2OH and CH3CH2CH2OH in solid phase. In fact, 

as it will be discussed below, we have measured the C–O 

stretching peaks positions of solid CH3OH, CH3CH2OH, 

CH3CH2CH2OH at 1023.8, 1045.7, 1067.9 cm
–1

, respect-

ively. This allows us to attribute the absorption peak at 

1070.3 cm
–1

 to propanol. The analysis to the IR intensities 

of these 3 peaks showed that these alcohols are formed 

with an IR intensity distribution CH3OH: CH3CH2OH: 

CH3CH2CH2OH = 10:4:1. The heating of the sample or 

the increasing of water amount in methane ice, as shown in 

Fig. 3(c), lead to an overlapping of these three IR signals, re-

sulting in a wide absorption band centered around 1035 cm
–1

 

and expanded between 1077 and 988 cm
–1

. As the photo-

lysis of CH4 leads to the formation of long carbon chain 

species such as C2H6 and C3H8, naturally the adding of 

small amounts of water leads to the formation of the three 

Fig. 3. Zoom in 1300–500 cm
–1

 spectral region of the difference spectra before and after UV photolysis of CH4-rich ices containing 

H2O formed at 3 K, with CH4:H2O concentration equal to 200:1 (a), 6:1 (b), 3:1 (c). 
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alcohols we mentioned, probably through the subsequent 

mechanisms: 

Formation of CH3OH 

CH3 + OH → CH3OH, 

CH3O + H → CH3OH, 

CH2OH + H → CH3OH. 

Formation of CH3CH2OH 

C2H5 + OH → CH3CH2OH, 

CH3CH2O + H → CH3CH2OH, 

CH3 + CH2OH → CH3CH2OH. 

Formation of CH3CH2CH2OH 

C3H7 + OH → CH3CH2CH2OH, 

CH3CH2CH2O + H → CH3CH2OH, 

CH3CH2 + CH2OH → CH3CH2OH. 

Among all these mechanisms, those involving CH3, 

C2H5, CH3O and CH2OH radicals are very probable as the 

four radicals have been observed experimentally under our 

experimental conditions. We have measured the spectral 

positions of CH3 and C2H5 at 609.2 and 532.6 cm
–1

, re-

spectively, which is in good accordance with previous stu-

dies [4,5,14] concerning the fragmentation of methane ice. 

Another band at 1385.3 cm
–1

 (Fig. 4) behaves similarly as 

the bands at 609.2 and could also be due to the radical spe-

cies CH3. We have assigned, based on water concentration 

effects and sample heating, the peak at 1191.8 cm
–1

 to 

CH2OH radicals (Fig. 3). Previous experimental studies 

involving radiation induced processing of H2CO and 

CH3OH ices have shown the formation of CH2OH through 

its most intense IR signal around 1190 cm
–1

 [24,25], while 

CH3O, probably more reactive, has not been detected. 

The experimental observation of radicals would suggest 

that complex organic molecules other than CH3OH, 

CH3CH2OH and CH3CH2CH2OH may be formed trough 

radical-radical recombination such as CH3O + CH3 to form 

CH3OCH3, CH3O + CH2OH to form CH3OCH2OH or 

CH3O + CH3O to form CH3OOCH3. The most intense IR 

signals characterizing CH3OCH3, CH3OCH2OH and 

CH3OOCH3, have been reported by several groups to be 

located at 1173, 1125 and 1032 cm
–1

 [26,27]. We have ob-

served under our experimental conditions tow IR signals 

located at 1174.9 and 1124.1 cm
–1

 which may be assigned 

to CH3OCH3 and CH3OCH2OH, respectively. We notice 

that the IR signals at 1174.9 cm
–1

 characterizing CH3OCH3 

is much higher than that at 1124.1 cm
–1

, assigned to 

CH3OOCH3, indicating that species with one oxygen atom 

are probably formed more efficiently than species involv-

ing tow oxygen atoms. CH3OOCH3 species cannot be ex-

perimentally characterized as its most intense IR signal at 

1032 cm
–1 

falls in the same spectral region as methanol 

and ethanol. 

Finally, the two peaks detected at 1246.7 and 1084.1 cm
–1

 

from Fig. 3 have been assigned to H2CO and CH2OHCH2OH. 

These two species have been identified in irradiated CH3OH 

and CH4–CO ices [28,29] at 1246 and 1088 cm
–1

, respec-

tively. In these previous studies H2CO has been character-

ized by three characteristic absorption signals at 1726, 

1499 and 1246 cm
–1

. We also observe, under our experi-

mental conditions these three signals at 1736.2, 1495.5 and 

1246.7 cm
–1

, as shown in Figs. 3, 4 and 5. These three 

peaks are assigned to H2CO as they behave similarly when 

the sample is heated or when the CH4 and H2O concentra-

tions change. 

Figure 5 shows the spectral region for the C=O func-

tional group in radical species such as HCO which absorbs 

Fig. 4. Zoom in 1500–1300 cm
–1

 spectral region of the difference 

spectra before and after UV photolysis of CH4-rich ices contain-

ing H2O formed at 3 K, with CH4:H2O concentration equal to 

200:1 (a), 6:1 (b), 3:1 (c); (*) not identified oxygenated species. 

The negative signal is due to CH4 decrease during the ice pho-

tolysis. 

Fig. 5. Zoom in 1900–1650 cm
–1

 spectral region of the difference 

spectra before and after UV photolysis of CH4-rich ices contain-

ing H2O formed at 3 K, with CH4:H2O concentration equal to 

200:1 (a), 6:1 (b), 3:1 (c); (*) band due to contributions from 

CH3COCH3, CH3OCHO and hydrated aldehydes. 
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around 1860 cm
–1

 and stable molecules like the aldehydes 

H2CO and CH3CHO whose absorption bands are located 

round 1720 cm
–1

. In this context Kaiser et al. [29] investi-

gated the irradiation of CH4–CO ice to monitor the forma-

tion of complex organics with C=O group through the ana-

lysis of a wide absorption band detected at 1727 cm
–1

. They 

showed, using a deconvolution of the observed C=O func-

tional group absorption band, that irradiation of CH4–CO ice 

may lead to the formation of HOCH2CHO, CH3CH2CHO, 

H2CO, CH3CHO, CH3OCHO which would absorb at 1743, 

1746, 1727, 1726, 1714 cm
–1

, respectively. 

Figure 5 shows that, under our experimental conditions, 

the band corresponding to the C=O functional group de-

pends strongly on the amount of water in CH4 ice. It be-

comes wide and unresolved for samples with CH4:H2O 

concentration equal to 3:1 (Fig. 5(c)). 

In the infrared spectra corresponding to the lowest con-

centration of water (Fig. 5(a)), as there is no enough water 

to form hydrated species at 3 K, we distinguish three ab-

sorption peaks at 1756.4, 1736.2, 1726.4 cm
–1

, which can 

be assigned to CH2OHCHO, H2CO, CH3CHO, respec-

tively. The identification of H2CO and CH3CHO is obvious 

as the peak at 1736.2 assigned to H2CO correlates with 

other IR signals characteristic to H2CO observed at 1495.5 

and 1246.7 cm
–1

 shown in Figs. 3 and 4. On the other hand, 

Kaiser et al. showed that CH3CHO trapped in methane 

ice [29] is characterized by its intense IR signal located at 

1728 cm
–1

. The peak detected at 1756.4 cm
–1

 shows a vib-

ration frequency higher than 1740 cm
–1

 and it can be as-

signed to CH2OHCHO.  

Bennett et al. [30] reported the spectral position of 

CH2OHCHO at 1757 cm
–1

 in irradiated methanol–carbon 

monoxide ice experiment. Previous studies [31] have re-

ported the spectral positions of the C=O functional group 

in CH2OHCHO ice at 1747 cm
–1

. 

The peak observed at 1756.4 cm
–1

under our experimen-

tal conditions could also be due to aldehydes with alkyl 

groups (CnH2(n)+1 with n > 1). In fact Kaiser et al. [29] 

showed that to saturated aldehydes with alkylfunctional 

groups such as propanal (C2H5CHO) and butanal (C3H7CHO) 

trapped in CH4 matrix show IR absorption signal with fre-

quencies in the 1740–1750 cm
–1

 range, while ketones with 

alkyl groups such as acetone (CH3COCH3) absorb in lower 

frequency range around 1717 cm
–1

. 

We have recently reported [32] the CO group spectral 

positions in CH3CH2CHO and CH3OCHO ices at 1729 

and 1711 cm
–1

, respectively. This suggests that the peak 

observed at 1717.4 cm
–1

 (Fig. 4(b)) would be due to either 

CH3COCH3 or CH3OCHO. However we think that species 

with one oxygen are more probable under our experimental 

conditions. As shown in Figs. 5(b) and 5(c), the signal at 

1717.3 cm
–1

 overlaps with the IR signal of the aldehydes 

trapped in samples with high amount of water and conse-

quently part of this signal could be due to hydrated alde-

hydes. In Fig. 5(c) the wide absorption band due the alde-

hydes interacting with water is centered at 1721.5 cm
–1

 

with a signal extended from 1800 to 1650 cm
–1

. All these 

complex organic molecules formed under pour experimen-

tal conditions involve CHO fragment and might form 

through the following reactions: 

H + HCO → H2CO, 

CH3 + HCO → CH3CHO, 

CH3O + HCO → CH3OHCO, 

HOCH2 + HCO → HOCH2CHO, 

CH3CH2 + HCO → CH3CH2CHO. 

Species such as H2CO and CH3CHO may be formed 

trough processes such as H + HCO and H + CH3CO which 

involve radical species with CO functional group. Many of 

these radical species absorb around 1860 cm
–1

. The analysis 

of the IR signal in this spectral region shows that the absorp-

tion band is water concentration dependent. In Fig. 5(b) 

corresponding to a sample with relative high amount of 

water we distinguish 4 components located at 1858.8, 1849.4, 

1842.4 and 1834.8 cm
–1

. In samples with low concentra-

tion of water (Fig. 5(a)), we distinguish 2 absorption peaks 

at 1858.8 and 1849.4 cm
–1

 while in Fig. 5(c) corresponding 

to samples with huge amount of water the observed band is 

wide and centered at 1846.1 cm
–1

. 

All these IR signals located between 1860 and 1830 cm
–1

 

may be due to radical species such as HCO, CH3CO, 

HOCO or to hydrated HCO. HCO has been measured at 

1842 and 1846 cm
–1 

in previous studies devoted to irradia-

tion of H2CO and CH3OH ices [28,33], respectively. 

CH3CO, HCO and HOCO trapped in argon matrix [24,34]
 

have been observed at 1875, 1864 and 1843 cm
–1

, respec-

tively. 

As mentioned earlier, the goal of the present work is to 

have an IR spectrum of heavy oxygenated species which 

would formed through the photo-induced solid state reac-

tion involving H2O and CH4. Table 1 gathers a tentative 

assignment of species formed and trapped in methane ice 

at 3 K. The three spectral regions we have chosen to ana-

lyze are the only regions which are less perturbed by the IR 

signals of the reactants H2O and CH4 and the photopro-

ducts proper to CH4 fragmentation such as C2H6 which is 

formed efficiently under our experimental conditions. The 

1500–1300 cm
–1

 and 3020–2500 cm
–1 

spectral regions, 

corresponding respectively to the CHC bending and CH 

stretching modes of many alcohols and alkanes, are domi-

nated by the IR signal due to CH4, C2H6 and C2H4 species 

which may hide the oxygen organics signals. In order to 

overcome such a problem we have heated the irradiated 

samples to be certain that all the alka[e]nes (CxHy) species 

are desorbed from our samples. It is important to notice 

that all alka[e]nes desorb at temperatures lower than 80 K 

while the alcohols and aldehydes desorb at temperatures 

higher than 100 K. We have then heated the irradiated 

CH4–H2O ices to 110 K for a new IR analysis of our irra-

diated heated samples. 
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Table 1. Tentative assignments of the IR signals detected dur-

ing the VUV Photolysis of CH4–H2O mixture at 3 K 

Reaction product 
Spectral position, cm

–1
 

Present work Literature References 

CH3OH 1024.4 1020 [11] 

CH3OH–H2O 1033.0 1033 [23] 

CH3CH2OH, 1041.6 1047 [11] 

CH3CH2CH2OH 1070.3 1068 * 

CH2OHCH2OH 1084.1 1088 [28,29] 

CH3OCH2OH 1124.1 1125 [26,27] 

CH3OCH3 1174.9 1173 [26,27] 

CH2OH 1191.8 1190 [24,25] 

H2CO 1246.7 1246 [28,29] 

H2CO 1495.5 1499 [28,29] 

CH3COCH3 1717.4 1717 [29] 

CH3CHO 1726.4 1728 [29] 

H2CO 1736.3 1726 [28,29] 

HCO 1846.1 1846 [28,33] 

CH2OHCHO 1756.4 1757 [30] 

Notes : * The C–O stretching peak IR position of solid 

CH3CH2CH2OH has been measured in our lab. 

Figure 6 shows the results of the heating to 110 K of the 

irradiated methane rich ices containing different amount of 

water. As mentioned in the introduction part, all the labora-

tory simulations of energetic processing of CH4–H2O mix-

ed ices, have been carried out in water-rich environments 

in order to provide significant data correlating to observa-

tions. However such simulations cannot reveal the nature 

of all chemical species formed during the photo-induced ir-

radiation of CH4–H2O mixed ices. This is only because of 

the huge wide absorption bands of water ice which hide 

many reaction products. In order to avoid such a problem, 

we have to reduce the absorption signal due to water ice. 

The analysis of the IR spectra from Fig. 6 shows that even 

under our experimental conditions which use CH4-rich ices 

with relative low concentration of water trapped in solid 

methane (Fig. 6(a): 33% of H2O in CH4, Fig. 6(b): 17% of 

H2O in CH4) the heating of the irradiated sample to 110 K 

to remove all alka[e]nes leads to wide absorption bands 

due to water ice where CH4 and reaction products remain 

trapped in water ice (Figs. 6(a) and 6(b)). From these two 

figures, we can distinguish signals due to, C–O vibration of 

alcohols around 1000 cm
–1

, to C=O functional group around 

1700 cm
–1

, and to HCH bending and C–H stretching modes 

of alcohols and alkanes around 1300 and 3000 cm
–1

, respec-

tively. Such conditions cannot help with indentifying the 

oxygen bearing species formed through CH4+H2O solid 

state photo-induced reaction. The situation is completely 

different when the very diluted samples (Figs. 6(c) and 

7(a): 0.5% of H2O in CH4) are heated to 110 K. The heat-

ing of such irradiated CH4–H2O ices allows to remove all 

alka[e]nes, including CH4 and the IR signal due to H2O ice 

is low enough to allow a better identification of the com-

plex organic molecules formed through VUV photolysis of 

Fig. 6. (a) CH4 + H2O (3:1) ice after UV photolysis heated to 110 K; (b) CH4 + H2O (6:1) ice after UV photolysis heated to 110 K; 

(c) CH4 + H2O (200:1) ice after UV photolysis heated to 110 K. Top right: zoom of the figure in the 1200–800 cm
–1

 spectral region. 
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CH4–H2O. Figure 7 shows the IR spectra of the UV irradi-

ated ice CH4:H2O (200:1) heated to 110 K, compared to 

the reference spectra of some organic molecules. 

The IR spectrum of the heated irradiated methane-rich 

ice containing 0.5% of water contains IR signatures char-

acteristic of organic molecules having OH, CH, C=O and 

C–O functional groups. All the species we have proposed 

to form under our experimental conditions at 3 K may fit 

the IR signatures of the resulting spectrum shown in 

Fig. 7(a). The IR signal due to the C=O functional group is 

wide and it is located in 1790–1600 cm
–1

 range. It shows a 

maximum at 1725 cm
–1

 with two components at 1750 and 

1660 cm
–1

. Due to the C=O functional group, many large 

aldehydes and even acids have intense IR signals in this 

spectral region. Similarly, the IR signal in the C–O stretch-

ing spectral region to characterize alcohols, is located in 

1140–780 cm
–1

 spectral range, showing a first maximum at 

1027 cm
–1

, and another one at 911 cm
–1

. In the CH spectral 

region, we notice from Fig. 7(a) a structure of 6 peaks at 

2971, 2963, 2958, 2934, 2874 and 2831 cm
–1

. Such a 

structure is indicative to the presence in the sample of al-

cohols larger than methanol and ethanol such as propanol. 

We have limited the comparison of the IR spectrum of 

the heated irradiated methane-rich ice to a few IR reference 

spectra of long chain carbon species containing one oxy-

gen atom: CH3OH, CH3CH2OH, CH3CH3CH2OH, and 

CH3CH2CHO. The comparison of all these reference spec-

tra to our experimental spectrum shows that in addition to 

small organics such as H2CO, CH3CHO, CH3OH and 

CH3CH2OH already identified in previous CH4–H2O irra-

diation experiments, at least two large complex organic mo-

lecules such as propanal and propanol may be formed in 

ice mixtures containing water and methane and exposed to 

energetic sources. In previous experiments related to the ir-

radiation of H2O–CH4 mixed ices in water-rich environ-

ments only CH3OH, C2H5OH, H2CO, CH3CHO in addi-

tion to CO and CO2 have been experimentally observed as 

oxygenated reaction products. 

The formation of alcohols such as CH3OH, CH3CH2OH, 

CH3CH3CH2OH derived from the corresponding alkanes 

CH4, C2H6 and C3H8 may take place through two different 

mechanisms involving either O or OH fragments. Conse-

quently, the role of water into the chemical evolution of 

H2O + CH4 UV-induced reaction depends on the water 

fragment involved in the processing. Dissociated into H 

and OH, H2O may play a catalytic role as for each water 

fragmentation, a regenerated H2O may form through H ab-

straction reaction from methane as follows: 

H2O + hν → OH + H, 

CH4 + OH → CH3 + H2O. 

Fig. 7. CH4 + H2O (200:1) ice after UV photolysis heated to 110 K (a). Reference spectrum of solid CH3CH2CH2OH (b) CH3OH (c), 

CH3CH2OH (d), solid CH3CH2CHO (e). Top right: zoom of the figure in the 3000–2600 cm
–1

 spectral region. 
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The CH4 + OH reaction is exothermic with a very low 

activation energy [35]. This shows that water present even 

as traces in methane ice may contribute indefinitely, through 

successive H2O regeneration (CH4 + OH → CH3 + H2O), 

into the chemical transformation of methane during and 

even after ice irradiation. 

Water may also dissociate into H2 + O and in such a 

situation atomic oxygen in its excited state O(
1
D) would 

react with methane to form either CH3OH and H2CO 

through oxygen insertion reaction into C–H bond. The re-

action is barrierless and highly exothermic [36] which al-

lows the formation of both methanol and fragments from 

methanol such as H2CO: 

H2O + hν → O* + H2, 

CH4 + O* → CH3OH or CH3OH*, 

CH3OH* → H2CO + H2. 

Figure 8 shows two-energy diagrams involving OH + CH4 

and O(
1
D) + CH4 reactions, based on theoretical investiga-

tions carried out by Tsiouris et al. [35]
 
and Chang et al. [36], 

respectively. Such processing involving either O and OH 

fragments from water and one methane molecule may be 

extended to all the hydrocarbons formed during the pho-

tolysis of CH4 such as C2H6, C2H8 which react efficiently 

with OH through hydrogen abstraction reactions. Overend 

et al. [37] measured in gas phase the rate constants of hy-

drogen abstraction from CH4, C2H6 and C3H8 at 3.9·10
9
, 

1.6·10
11

 and 1.2·10
12

 cm
3
·mol

–1
·s

–1
. Accordingly large linear 

alcohols involving radical alkyl, R:CH3, C2H5, C3H8 may 

form through the following two steps reactions: 

RH + OH → R° + H2O, 

R° + OH → ROH. 

Conclusion 

In the interstellar medium as well as in our solar sys-

tem, the UV-induced solid state chemistry of methane may 

be the source of many carbon chain complex organic 

molecules. As the chemical composition of many solar 

system and interstellar icy bodies are found to be domi-

nated by H2O, the photochemistry of methane has been in-

vestigated by several groups in water-rich ices in order to 

investigate, using IR spectroscopy, the oxygen bearing or-

ganics synthesis. Although these investigations are carried 

out to provide significant data correlating to the astronomi-

cal observations, they cannot reveal the nature of all the 

chemical species formed during the photo-processing of 

CH4–H2O mixed ices. The huge wide absorption bands of 

water ice hiding many reaction products might be an hin-

drance to really characterize the CH4 + H2O photo-induced 

solid state reaction. We have shown in the present work the 

role played by water molecules in the photo-decomposition 

of solid methane and revealed that photoproducts formed 

in solid phase upon VUV irradiation of CH4–H2O mixture 

may be the source of very large complex molecules. The 

analysis of our IR spectra shows that the presence of water 

molecules even as traces in solid methane influences con-

siderably its photochemistry at cryogenic temperatures. 

We show that in CH4-rich environments both alka[e]nes 

such as C2H6, C2H4, C2H2, C3H8, CH3 and C2H5 and large 

oxygen bearing organics such as H2CO, CH3CHO, 

CH3CH2CHO, CH2OHCHO, CH3OH, CH3CH2OH, 

CH3OCH3, CH2OHCH2OH are efficiently formed at tem-

peratures as low as 3 K. However while the IR signatures 

of the alka[e]nes species CxHy dominate the IR spectra of 

the irradiated CH4–H2O ices at temperatures lower than 

50 K, the heating of the samples to 110 K reveals the for-

mation of large carbon chain complex organic molecules 

having OH, CH, C=O and C–O functional groups and 

whose IR absorption signals are not perturbed nor shaded 

by the IR signals of water ice. 
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ВУФ фотоліз суміші CH4–H2O в метанвмісних 

льодах: утворення великих складних органічних 

молекул в астрономічних середовищах 

Lahouari Krim and Mindaugas Jonusas 

Вивчено вплив молекул води на фотодеструкцію метано-

вого льоду та утворення фотопродуктів в твердій фазі при 

ВУФ опроміненні суміші CH4–H2О в метанвмісних льодах. 

Аналіз ІЧ спектрів показує, що навіть при дуже низьких кон-

центраціях води в метанових льодах утворюється ряд кисне-

вмісних вуглеводнів, отриманих в результаті фоторозкладу 

води та метану при кріогенних температурах. Показано, що 

як алка[e]ни, так і кисневмісні органічні речовини ефективно 

утворюються при температурах до 3 К. Однак в той час як ІЧ 

характерні смуги алка[e]нів, таких як C2H6, C2H4 і C2H2, 

домінують в ІЧ спектрах опромінених льодів СН4–Н2О при 

температурах нижче 50 К, нагрівання зразка до 110 К вияв-

ляє утворення органічних молекул з великими вуглецевими 

ланцюгами, таких як етанол, пропанол, пропанал та гліколе-

вий альдегід. 

Ключові слова: астрохімія, лабораторне моделювання, ІЧ 

спектроскопія, складні органічні молекули. 

ВУФ фотолиз смеси CH4–H2O в метансодержащих 

льдах: образование крупных сложных 

органических молекул в астрономических средах 

Lahouari Krim and Mindaugas Jonusas 

Изучено влияние молекул воды на фотодеструкцию мета-

нового льда и образование фотопродуктов в твердой фазе 

при ВУФ облучении смеси CH4–H2О в метансодержащих 

льдах. Анализ ИК спектров показывает, что даже при очень 
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VUV Photolysis of CH4–H2O mixture in methane-rich ices 
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низких концентрациях воды в метановых льдах образуется 

ряд кислородсодержащих углеводородов, полученных в ре-

зультате фоторазложения воды и метана при криогенных 

температурах. Показано, что как алка[e]ны, так и кислород-

содержащие органические вещества эффективно образуются 

при температурах до 3 К. Однако в то время как ИК харак-

терные полосы алка[e]нов, таких как C2H6, C2H4 и C2H2, 

доминируют в ИК спектрах облученных льдов СН4–Н2О при 

температурах ниже 50 К, нагрев образца до 110 К выявляет 

образование органических молекул с крупными углеродны-

ми цепями, таких как этанол, пропанол, пропанал и гликоле-

вый альдегид. 

Ключевые слова: астрохимия, лабораторное моделирование, 

ИК спектроскопия, сложные органические молекулы.

 


