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The ice photochemistry of pure methane (CH4) is studied at 20 K upon VUV irradiation from a microwave discharge H2 flow

lamp. Laser Desorption Post-Ionization Time-Of-FlightMass Spectrometry (LDPI TOF-MS) is used for the first time to determine

branching ratios of primary reactions leading to CH3, CH2, and CH radicals, typically for fluences as expected in space. This

study is based on a stable end-products analysis and the mass spectra are interpreted using an appropriate set of coupled reactions

and rate constants. This yields clearly different values from previous gas phase studies. The matrix environment as well as the

higher efficiency of reverse reactions in the ice clearly favor CH3 radical formation as the main first generation photoproduct.

1 Introduction

At the present time, more than 180 different species not in-

cluding isotopologues have been observed in interstellar and

circumstellar media. Models of interstellar chemistry involv-

ing both gas-phase and solid-phase reactions are employed to

understand the complex chemical formation route of the ob-

served species and to predict their abundances in the regions

where they reside1. The reliability of these models depends on

the accuracy of the reaction rate coefficients that are contained

in databases for use in astrochemistry (e.g., UMIST Database

for Astrochemistry2, NIST Chemical Kinetics Database3, KI-

netic Database for Astrochemistry4). For the gas phase, accu-

rate data have been derived in the laboratory, but in the solid

phase such data are still largely lacking5. Moreover, processes

on icy grains cannot be considered to be isolated processes.

Nevertheless, it is a long-standing problem that in the absence

of experimental data on ice films, astrochemical models use

gas phase reaction rate coefficients instead (which are often

extrapolated beyond measured temperatures) to determine the

abundance of reactants and products in interstellar ices during

the different stages of star formation. This may lead to con-

siderable errors.

A few laboratory studies have been reported that mention

branching ratio estimations for photochemical experiments

simulating UV fluences as expected for typical dense cloud

lifetimes6,7. For some pure ices, backward reactions that con-

vert products to the inital reactant are so fast that forward

reactions cannot be investigated directly. For example, the

solid-state methylamine (CH3NH2) photodissociation path-
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ways have been unraveled by using carbon monoxide (CO)

as an H atom scavenger8. Genuine kinetic studies involv-

ing energetic processing of ices are difficult to perform and

need accurate and time resolved surface science techniques.

The extensive and systematic study of thermal reactivity in

binary and ternary ice mixtures together with diffusion mea-

surements have already provided kinetic parameters9,10 (and

references therein). Hydrogen – deuterium substitution exper-

iments on pure methylamine (CH3NH2) ice11 and energetic

electron irradiations on a pure methane (CH4) ice12 and on

a NH3:CH4 binary ice mixture13 have been kinetically in-

vestigated by combining reflection absorption infrared spec-

troscopy (RAIRS) and mass spectrometry during temperature

programmed desorption experiments (TPD). In these latter

studies, the quantitative analysis relies on the column densi-

ties of both reactants and products as a function of the dif-

ferent energetic processing times. These values are gener-

ally determined from the mid-infrared spectra by integrating

– preferably – non overlapping vibrational bands and by us-

ing the corresponding band strengths from the literature, i.e.,

the A-values written in cm molecule−1 unit. Overlapping in-

frared features are common when working with complex ices,

i.e., composed by more than three different constituents. Band

strengths and infrared band profiles are known to be strongly

dependent on the ice temperature and on the ice composi-

tion14, thus larger uncertainties may arise when more com-

plex species form in the ice. Intermediate species like radi-

cals are also difficult to observe in the solid phase even when

trapped at cryogenic temperatures. Only few of them are sta-

ble and can be directly observed in the mid-infrared (e.g.,

HCO or CH3)6,12. Electron Paramagnetic Resonance (EPR)

implemented for cryogenic materials15,16 should be ideal to

monitor radicals during an irradiation, but this technique has,
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to our knowledge, not often been used in the field of labora-

tory astrophysics17. Another suitable experimental technique

that may compensates the current limitations of regular sur-

face science techniques (e.g., RAIRS and TPD) is the Laser

Desorption Post-Ionization Time-Of-Flight Mass Spectrome-

try (LDPI TOF-MS)18,19. This technique allows the in situ
analysis of small fractions of a processed ice sample at differ-

ent irradiation times, thus allowing kinetic studies, as demon-

strated in a recent technical review20.

The focus here is on solid methane (CH4). Interstellar

methane (CH4) is ubiquitous and the solid phase abundances

range from 1 to 5 % relative to H2O, depending on the tar-

geted source type21,22. Gas phase methane (CH4) photolysis

is the main source of more complex hydrocarbons in the at-

mospheres of Titan23,24 and the giant planets25,26. Several re-

views dedicated to the different photolysis pathways of gas

phase methane in the Lyman-α wavelength region demon-

strate the complex photochemistry and list contradictory re-

sults concerning the branching ratios between the various

products24,27 (and references therein). These differences were

explained by the collisional conditions and the nature of the

probed processes24. In contrast to a gas phase environment,

solid materials present higher densities and reduced mobil-

ities of their constituents. Thus atoms and radicals trapped

within a processed cold ice can efficiently recombine and re-

form the initial material. Therefore, backward reactions slow

down the primary photodissociation processes and one can ex-

pect a drastically different chemical evolution scenario com-

pared to the one observed in the gas phase studies28,29. The

objective of this present kinetic study is to understand – in a

bottom-up approach and using the LDPI TOF-MS technique

– the methane photochemistry at cryogenic temperatures and

therefore in the solid phase, and to provide for the first time ef-

fective rate coefficients and branching ratios for primary pro-

cesses at 20 K.

2 Experimental approach

The experiments were carried out in the novel, contamination-

free ultra-high vacuum (UHV) setup MATRIICES, thoroughly

described in Paardekooper et al. 20 . The central unit is an UHV

chamber in which thin ice samples can be grown with mono-

layer precision onto an off-centred gold-coated copper cylin-

der ending in a rectangular flat sampling edge surface. The

substrate holder is mounted on a closed-cycle helium cryostat

that, in conjunction with resistive heating, allows for temper-

ature control from 20 to 300 K with a relative precision of

0.1 K (Lakeshore model 331). Only gas phase methane (CH4,

Praxair, purity 99.9995 %) is introduced into the main cham-

ber with an aperture adjusted leak valve following a front de-

position procedure. During deposition at 20 K, the substrate

holder is continuously (vertically) translating back and forth to

achieve a relatively flat ice growth (similar as the spray paint-

ing technique). The thickness of the ice samples is typically

around 50 ML. The thickness is determined in separate experi-

ments but with identical deposition procedures and using laser

optical interference30 (λ = 632.8 nm, He-Ne laser, Thorlabs

HRS015) with a refractive index of 1.32931. The vacuum ul-

traviolet (VUV) irradiation (λ > 120 nm) is generated by a

microwave discharge H2 flow lamp (Opthos instruments) sep-

arated from the main UHV chamber by a UHV magnesium

fluoride (MgF2) window with a cut-off wavelength at 120 nm.

Lamp setting during irradiation are PH2
= 7× 10−1 mbar, F-

type quartz-lamp geometry, microwave forward power 80 %,

and reflected power of 10 %. The integrated emission flux of

the microwave-discharge H2 lamp in the 120 – 200 nm wave-

length range at 140 mm (from the lamp window to the sample)

is 2− 4× 1013 photons s−1 cm−2. The spectral profile of the

lamp mainly contains Lyman-α (λ = 121.6 nm) photons emit-

ted (∼75%) together with the remaining λ = 160 nm photons

(Chen et al. 32 and Ligterink et al., in prep.). The substrate

holder is directly connected to a two axis translation stage

system: horizontal (y) and vertical (z) motions are allowed

in order to always expose non-overlapping fresh spots of an

ice sample to the laser desorption beam for kinetic study and

for mass spectra averaging. The VUV emission is stopped,

before ice diagnostics, for positioning the substrate holder at

the right (y, z) coordinate. Meanwhile, we expect that radi-

cals diffusion and reactivity are efficient enough even at 20 K,

especially for the methyl radical for which the diffusion is
already efficient even diluted in water33. We therefore as-
sume that no reactions (i.e., upon diffusion and recombina-
tion) occurs during the laser ablation process and that the

observed products are representative of the ice photochem-
istry prior to ablation. Partial ablations of hydrocarbon-rich

cryogenic ices are achieved using the unfocused ∼1.25 mm

diameter) third harmonic beam of a Nd:YAG laser (Polaris

II, New Wave Research, 355 nm, 10 Hz repetition rate, 143
mJ cm−2 energy density, unpolarized). Laser desorption is

used to bring species into the gas phase, generally as a desorp-

tion plume. Laser attenuation and ion extraction time are op-

timised to probe the desorption plume where both clustering

and chemical reactions are negligible upon desorption com-

pared to the VUV irradiation effects. The local temperature
rise where the laser hits the ice/gold interface is estimated
around 600 K34 (upper limit obtained without laser atten-
uation) after a 4 ns laser pulse striking the vacuum/ice/gold
three-phase layered structure35,36 at an incident angle of
30◦, with a reflectivity (Rs +Rp)/2 = 0.39. Typically around

220 laser ablation pulses are needed to record one averaged

time-of-flight spectrum with good signal-to-noise ratio. Ab-

lated ice constituents are subsequently ionised by an orthog-

onal beam of electrons generated by a 70 eV electron impact

ion source located underneath the UHV chamber, hence al-
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lowing laser-desorption and ionisation events occurring at the

same spot. Positive ions are generated between the extrac-

tion and repeller plates of the time-of-flight system (Jordan

TOF Products, Inc.) for an optimum ion transmission. After

electron impact ionisation, cations with different masses are

accelerated into a second UHV time-of-flight chamber/tube in

reflection mode for mass-separation following the different ar-

rival times to the 40 mm MCP detector. A 3-point internal

calibration is then performed for each averaged spectrum us-

ing fragment ion peaks and/or the molecular ion peak of the

initial ice material.

3 Results

The electronic absorption spectrum of gas phase CH4 begins

for wavelengths below 140 nm37. The solid phase CH4 ab-

sorption spectra slightly shift to shorter wavelengths compared

to the gas phase38, and present three non resolved absorptions

near Lyman-α . Therefore, the Lyman-α photons emitted from

the microwave-discharge H2 flow lamp (and not the 160 nm

photons) likely correspond to the main incident radiation sus-

ceptible to be absorbed by the pure CH4 ice. Among the dif-

ferent photodissociation channels accessible near Lyman-α ,

three fragments (CH3, CH2, and CH radicals) can form sta-

ble end-products like C2H6, C2H4, and C2H2 hydrocarbons.

The branching ratios of the solid state photodissociation path-

ways leading to these radicals, therefore, can be determined

by monitoring the molar fractions of the three stable photo-

products together with the decrease of methane as a function

of irradiation time. In the following, specific attention will

be paid to hydrocarbons up to two carbon atoms only, i.e.,

four molecules in total namely methane, ethane, ethylene, and

acetylene. Note that the different possible electronic states

(singlet and triplet) of CH2 are not distinguished in this study.

In the following the results are presented. We employed

highly sensitive laser desorption post ionisation time-of-

flight mass spectrometry to identify the molecular complexity

emerging during the VUV irradiation of a pure CH4 ice at 20

K. At different predefined irradiation times, i.e., 2, 4, 8, 12,

16, 24, 32, 40, 48, 56, 64, 72, 80, 88, and 96 min. (the last

value corresponding to maximum 107 years of photolysis in

dense molecular clouds), the VUV lamp is switched off and a

mass spectrum is recorded. Since we are limited to nine mea-

surements per processed ice, experiments are repeated up to

four times with overlapping irradiation times as repeatability

check points.

Fig. 1 shows a typical example of ReTOF mass spectra as

a function of irradiation time (2, 4, 8, 16, 24, 32, 48, and 64

min.), with 0 min. the reference mass spectrum recorded right

before starting the photolysis. The spectra display the signal

intensity in Volt as a function of m/z ratios. The intensity can

be directly correlated to the total counts of the ionised species

coming from the laser desorption process that induces desorp-

tion of the ice constituents at well-defined irradiation time and

processed ice spots. For clarity, m/z ratios are only given up

to m/z 50, although very weak peaks related to more complex

hydrocarbons containing up to six carbon atoms are observed

(in good agreement with a recent study following an identical

experimental protocol20).

The mass spectra of the unprocessed CH4 ice (dark blue in

Fig. 1) depicts low intensity mass peaks above m/z 16 related

to light clusters that disappear later on. Fig. 1 clearly shows a

homologous series of straight-chained hydrocarbons, steadily

appearing with irradiation time (C2Hx and C3Hy, with x = 2,

4, 6 and y = 4, 6, 8). The set of peaks belonging to the homol-

ogous series, generally decreases in intensity with increasing

m/z ratios, meaning that the abundances of the photoproducts

decrease with molecular complexity. This is consistant with

the fact that longer multi-step processes are needed to form

more complex species.

In constrast to soft and selective ionisation techniques, 70

eV electron impact sources provide a large number of ions

with an extensive fragmentation. Although fragmentation is

useful for structure determination, it can also provide mass

spectra congested with overlapping fragment peaks and barely

visible molecular ion peaks, thus making the interpretation

difficult. As a solution and following the quantitative approach

used in Paardekooper et al. 20 , each spectrum recorded at a

specific irradiation time is regarded as a composite mass spec-

trum of individual compounds present in the ablated material.

For quantification, a fitting procedure is used that needs (i)

the different reference mass spectra39 of CH4, C2H6, C2H4,

and C2H2, and (ii) the corresponding electron impact cross

sections at 70 eV (3.524, 6.422, 5.115, and 4.374 Å, respec-

tively40) as input, and that provides molar fractions as out-

put. We can therefore determine the temporal decay of CH4

and the related growth of C2H6, C2H4, and C2H2 as shown in

Fig. 2 (full circles). As a check, we extended the set of refer-

ence spectra with hydrocarbons containing up to three carbon

atoms, thus adding C3H8, C3H6 and the two C3H4 isomers,

and we found that these more complex molecules only count

for about 4% of the ice mixture at the highest irradiation value

(96 min.), meaning that the main photoproducts are – in this

study – hydrocarbons with one or two carbon atoms. This will

simplify our reaction scheme model and the total number of

parameters to optimise in the next section. Also, a straight

exclusion of these larger species does not result in a substan-

tial increase in the uncertainty of the derived parameters. It is

important to note at this point that the quantitative approach

described above is only used for electron impact mass spec-

tra interpretation by taking into account the fragmentation and

that the corresponding outcome is used – in a further step – in

a reaction scheme model to understand the actual photochem-

ical processes taking place within the ice.
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Fig. 1 ReTOF 70 eV electron impact mass spectra sample as a function of the VUV irradiation time (color bar) of the initial (CH4) and newly

formed ice products (C2Hx and C3Hy), with x = 2,4,6 and y = 4,6,8.

Fig. 2 Temporal growth and decay of the molar fractions (full circles) of photoproducts and initial material, extracted from the ReTOF mass

spectra shown in given in Fig. 1. Fit (in red) of the reduced chemical model (Table 1 and Eqs. 1–6) to the molar fractions of methane (top left,
initial material), ethane (top right, photoproduct), ethylene (bottom left, photoproduct), and acetylene (bottom right, photoproduct). The

experimental error bars are representative of the repeatability of the measurements only.
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3.1 Proposed reaction scheme

We propose a reduced chemical network that is initiated by

the methane photodissociation yielding the first generation of

photoproducts, i.e., the CH3, CH2, and CH radicals, followed

by radical–neutral and radical–radical reactions that form the

second generation of photoproducts (e.g., C2H6, C2H4, and

C2H2). Then, we allow a limited interplay between each gen-

eration of photoproducts, that eventually leads to other hydro-

carbons up to two carbon atoms. The reactions considered for

the reduced chemical network are given in Table 1 and this

network comprises a set of 15 distinct reactions with a cor-

responding R-labeling. A schematic diagram is given in Fig.

3 and illustrates the reduced reaction network considered in

this study. Note that the model does not take into account

tunnelling effects, radical conversions, neither the successive

fragmentations of CH3 leading to CH2+H and to CH+H radi-

cals; the measured branching ratios are effective values within

these settings. Since the radical–radical reactions involving

the CH3 and CH2 radicals (R13–R15) are exothermic and re-

quire almost no entrance barrier41, we assume that they are

efficient even at 20 K and occur much faster than the pho-

todissociation pathways that produce these two radicals (R1

and R3). Thus these two latter routes are assumed to be rate-

determining steps. In this way we limit our system to 12 pa-

rameters (i.e., reaction rates) instead of 15, initially. The cor-

responding rate equations (Eqs. 1–6) are listed here in full

detail to exclude any ambiguity in the analysis, with the time

dependent molar fractions in brackets and the involved reac-

tion numbers in parentheses:

d[CH4]

dt
=−2k1 [CH4]

2 (R1/R13)

− k11 [CH4] [CH]− k2 [CH4] (R2/R11)

+ k5 [C2H6] (R5)

−2k3 [CH4]
2 (R3/R15)

− k1 [CH4]− k3 [CH4] (R1/R3/R14)

− k2 [CH4] (R2/R12)

− k3 [CH4]− k10 [CH4] [CH2] (R3/R10)

(1)

d[C2H6]

dt
=+2k1 [CH4]

2 (R1/R13)

− k5 [C2H6] (R5)

− k4 [C2H6] (R4)

− k12 [C2H6] [CH] (R2/R12)

− k6 [C2H6] (R6)

+ k10 [CH4] [CH2] (R3/R10)

(2)

d[C2H4]

dt
=+ k11 [CH4] [CH] (R2/R11)

+ k1 [CH4]+ k3 [CH4] (R1/R3/R14)

+ k4 [C2H6] (R4)

− k7 [C2H4] (R7)

− k8 [C2H4] (R8)

+ k12 [C2H6] [CH] (R2/R12)

(3)

d[C2H2]

dt
=+2k3 [CH4]

2 (R3/R15)

+ k7 [C2H4] (R7)

− k9 [C2H2] (R9)

(4)

d[CH2]

dt
=+ k5 [C2H6] (R5)

+ k3 [CH4]− k10 [CH4] [CH2] (R3/R10)

(5)

d[CH]

dt
=− k11 [CH4] [CH] (R2/R11)

+ k2 [CH4]− k12 [C2H6] [CH] (R2/R12)

(6)

3.2 Fitting procedure and data treatment

The system of coupled differential equations is solved numer-

ically by fitting simultaneously the molar fractions of methane

[CH4], ethane [C2H6], ethylene [C2H4], and acetylene [C2H2]

at a given irradiation time grid. The methylene radical (CH2)

and methylidyne radical (CH) are intermediate species regard-

ing the neutral–radical reactions (R10 – R12). Since we can-

not probe their molar fractions as a function of irradiation

time, their relative abundances are simply positive variables

in the fitting procedure, with the initial conditions [CH2]t=0

= [CH]t=0 = 0%. The rate constant optimisation procedure

is driven by Matlab 7.9.0 (R2009b) and combines the built-in

ode45 function (ordinary differential equation solver Runge–

Kutta 4th and 5th order) with the Nelder-Mead algorithm42.

The parameter optimisation is proceeded by trying to min-

imise the squared differences (errors) between the model pre-

dictions (yp) and the experimental values (y):

SSE =
16

∑
k=1

4

∑
l=1

(yk − yp
k )

2, (7)

Where k is the number of data points and l corresponds to

the number of monitored species. In data fitting, it is usu-

ally assumed that the smallest parameter set will provide the
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Fig. 3 Schematic diagram illustrating the reduced reaction network considered in this study. Rectangles indicate stable end-products

observable using the LDPI TOF-MS technique, ovals indicate radicals, and the dotted rectangle concerns precursors of hydrocarbons

containing more than two carbon atoms.

Table 1 Overview of the reactions involved in this study

Reaction Reaction Type Rate constant

Number (in s−1)

Photodissociation (first order)
R1 CH4 + hν → CH3 + H k1

R2 CH4 + hν → CH + H + H2 k2

R3 CH4 + hν → CH2
a + 2H/H2 k3

R4 C2H6 + hν → C2H4 + 2H/H2 k4

R5 C2H6 + hν → CH4 + CH2 k5

R6 C2H6 + hν → productsb k6

R7 C2H4 + hν → C2H2 + 2H/H2 k7

R8 C2H4 + hν → productsc k8

R9 C2H2 + hν → productsd k9

Neutral–radical (second order)
R10 CH4 + CH2 → CH3 + CH3 k10

R11 CH4 + CH → C2H4 + H k11

R12 C2H6+ CH → C2H4 + CH3 k12

Radical–radical (second order) Assumptions:

R13 CH3 + CH3 → C2H6 k13 � k1

R14 CH3 + CH2 → C2H4 + H k14 � k1, k3

R15 CH2 + CH2 → C2H2 + 2H/H2 k15 � k3

a Singlet and/or triplet state.
b C2H5+H and/or CH3+CH3.
c C2H3+H.
d C2H+H and/or C2+H2.

most reasonable predictions. The proposed reduced chemical

model corresponds to a 12 parameters problem which implies

that the function surface has several local solutions. An ini-

tial guess of parameters is always required before an optimi-

sation procedure can start. Because the function evaluation

(i.e., SSE) strongly depends on the initial set of parameters,

the optimisation procedure is repeated many times (e.g., up

to 2000 times). This approach is time consuming but cre-

ates probability distributions of the estimated parameters, thus

providing the statistical analysis tools to (i) estimate the pa-

rameters and associated standard errors and (ii) test the linear

relationship between each parameter. Before each cycle, an

uniformly distributed initial set of 12 rate constants is chosen

pseudorandomly from 10−1 to 10−12 min−1. Each of them can

later on vary freely from 0 to 10−1 min−1 in order to better fit

the chemical model to the experimental data. A poor set of

starting parameters can lead to a local solution and/or a poor

fit, thus giving errors in the rate constants estimation. For this

reason, weights (w) are implemented within the different fit-

ting results and they are defined as 1/SSE2 so better fits count

more than poor ones. The weighted mean (μw) and weighted

standard deviation (σw) are then used to provide an unbiased

estimate of both the mean and the standard deviation of the

optimised rate constants.

The weighted mean of each rate constant is given in Ta-

ble 2, together with the standard error of the mean (SEM =
1√
n ×σw). The weighted correlation coefficients (rw) are given

is Table 3 and correspond to real numbers ranging from −1

(anti-correlated) to +1 (correlated). The diagonal elements of

the correlation matrix are unity by definition. Furthermore, the

correlation matrix is a symmetrical matrix so only the lower

diagonal is presented. As the rw-values approach zero, the
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Table 2 Effective rate constants and corresponding standard errors

of the mean derived from fitting the reduced chemical model (Table

1 and Eqs. 1–6) to the experimental data.

Effective Rate Constants SEM

(μw in s−1) ( 1√
n ×σw in s−1)

k5 = 1.038× 10−3 5× 10−6

k12 = 5.3 × 10−4 2× 10−5

k11 = 4.9 × 10−4 2× 10−5

k7 = 1.33 × 10−4 3× 10−6

k4 = 1.115× 10−4 5× 10−7

k9 = 5.3 × 10−5 3× 10−6

k8 = 2.2 × 10−5 2× 10−6

k10 = 7 × 10−6 2× 10−6

k6 = 1.7 × 10−6 1× 10−7

k1 = 1.120× 10−6 3× 10−9

k3 = 4.26 × 10−8 3× 10−10

k2 = 2.1 × 10−8 5× 10−9

related pair of rate constants is considered either less corre-

lated or uncorrelated. The resulting fits of the reduced chem-

ical model (Eqs. 1–6) to the different molar fraction evolu-

tions are depicted in Fig. 2 and reproduce the experimental

data well, with some deviations for short irradiation times for

ethane (C2H6) and ethylene (C2H4).

4 Discussion

We discuss now the results presented above concerning the

methane ice photochemistry and kinetic study in the solid

phase. The photo-destruction of pure methane leads to the

formation of larger photoproducts with numerous unsaturated

compounds. After 96 min. of VUV irradiation at 20 K, the

composite ice material is mainly formed by CH4 (70 – 75 %),

i.e., CH4 molecules that have not been consumed or that have

been simply reformed, and the rest being photoproducts with

up to two carbon atoms. More complex hydrocarbons beyond

three C-atoms can be observed but are not taken into account,

as discussed earlier. Any quantitative analysis of these hy-

drocarbons is therefore difficult and provides large uncertain-

ties. However, processes that are diffusion driven like radical–
radical reactions involving heavier radicals (e.g., C2H5 pre-

cursor of C3- and C4-hydrocarbons) will be likely enhanced

at higher temperatures, thus changing the ice chemistry. The

proposed reduced chemical model (Table 1 and Eqs. 1–6) in-

cludes the three main photodissociation channels of methane

and the formation/destruction routes of the three stable pho-

toproducts containing up to two carbon atoms. The proposed

model is based on the extensive work performed by the atmo-

spheric chemistry community. We therefore assume that the

overall reaction steps collected in the literature from the gas

phase studies are also applicable in the solid phase (in contrast

to the reaction rate coefficients). We would like to stress that

one radical–radical reaction currently listed in the UMIST

Database for Astrochemistry2 was originally included in the

model and has been removed. This recombination reaction in-

volves two methyl (CH3) radicals but in contrast to reaction

R13, yields acetylene (C2H4) and a molecular hydrogen (H2):

CH3 +CH3 → C2H4 +H2 (8)

By cancelling one by one the different reaction steps in the

reduced chemical model, it appears that the presence of this

reaction (Eq. 8) never provides a satisfactory convergence cri-

terium in the fitting procedure. Although the molar fractions

of acetylene (C2H2) were well predicted, the other three molar

fractions were largely over- and under-estimated along with

the irradiation time, thus leading to a poor fit and finally to the

conclusion that this reaction (Eq. 8) likely does not occur in

the solid phase.

The photodissociation rates of pure methane ice at 20 K is

rather slow with less than 30 % converted in more complex

hydrocarbons at the end of 96 min. of photolysis (simulat-

ing up to 107 years in dense molecular clouds43). In the re-

duced chemical model, we assume that R1 and R3 are rate-

determining steps. In Table 2 we observe that these two pho-

todissociation pathways yielding CH3 and CH2 radicals are

among the slowest steps in the network (≤ 0.1% of the fastest

reactions) and therefore determine the rate at which the over-

all scheme proceeds. This also means that pure methane ices

have a remarkable stability under harsh VUV conditions. Pre-

vious experimental studies on ices have demonstrated that the

photodissociation rates of methane strongly depend on the

environment44. Water-rich porous environments may also

affect the diffusion of both neutral and radicals photoprod-

ucts36,45. Compared to photodissociation rates measured in

the gas phase, photodissociation rates in the solid phase are

in general substantially lower, most likely because of the fast

reverse reactions between the dissociation fragments33. The

reverse reactions R1 and R3 that reform methane and reac-

tion R5 that converts a photoproduct in methane are therefore

non negligible in the solid phase. Unsaturated species are less

abundant and shielding effects can also play a major role in

the chemical evolution and composition of the processed ice.

It is for example well known that ethane (C2H6) and most

higher alkanes are efficiently shielded by methane (CH4) in

the gas phase29,46, so its destruction is negligible compared

to ethylene (C2H4) which is less shielded and therefore more

destroyed. In this study, we observe that ethane (C2H6) is the

most abundant photoproduct47 after ethylene (C2H4). This

follows the shielding effects observed in the gas phase that
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Table 3 Weighted correlation coefficients (rw) between optimised rates constants ranging from k1 to k12.

k1 k2 k3 k4 k5 k6 k7 k8 k9 k10 k11 k12

k1 1.00 – – – – – – – – – – –

k2 -0.06 1.00 – – – – – – – – – –

k3 0.42 -0.02 1.00 – – – – – – – – –

k4 -0.54 -0.18 -0.92 1.00 – – – – – – – –

k5 0.94 -0.03 0.45 -0.52 1.00 – – – – – – –

k6 -0.34 0.06 -0.23 0.13 -0.33 1.00 – – – – – –

k7 -0.39 0.00 -0.89 0.87 -0.42 0.17 1.00 – – – – –

k8 -0.29 0.02 -0.20 0.32 -0.28 0.13 0.19 1.00 – – – –

k9 -0.29 0.02 -0.54 0.60 -0.30 0.12 0.64 0.10 1.00 – – –

k10 -0.41 -0.01 -0.21 0.36 -0.17 0.06 0.20 0.05 0.14 1.00 – –

k11 0.04 0.01 -0.06 0.05 0.04 -0.02 0.05 0.00 0.03 -0.01 1.00 –

k12 0.04 0.01 -0.04 0.03 0.04 -0.02 0.04 0.01 0.02 0.00 0.16 1.00

seem to apply to the solid state as well.

Following the correlation matrix given in Table 3, there are

no significant correlations between the optimised parameters

k1, k2, and k3, corresponding to the effective rate constants of

the different photodissociation channels of methane leading to

CH3, CH, and CH2 radicals, respectively. We can therefore

determine the corresponding branching ratios with good con-

fidence. Table 4 lists the calculated branching ratios for the

three photodissociation channels of methane in comparison

with gas phase data from the literature27,48–51. These results

are based on a stable end-products analysis that overcomes the

intermediate species detection problem with realistic assump-

tions. The remaining effective rate constants can be used for

any solid state modelling of cold surface irradiation contain-

ing methane. Each effective rate constant can be written as

k = σ f , where σ corresponds to the photodissociation cross

section for a given reaction (essential for models of interstel-

lar chemistry), and f the given integrated emission flux. It is

important to note that strong correlations between a pair of pa-

rameters means that both are simultaneously adjusted during

the fitting procedure. Therefore, care is needed in their use

and interpretation, since these parameters compensate each

other (anti-correlated) or vary in about the same proportion

(correlated). In this specific case, resulting parameter values

and associated errors can be questionable. In our study, only

few parameters present significant correlations (k3/k4, k1/k5,

k3/k7, and to a lesser extend k4/k9 and k7/k9), which gives

proof of the reliability of the overall network and fitting pro-

cedure, but also demonstrates that the parameter estimation

remains difficult. The origin of parameter correlations can be

diverse and does not necessarily imply the underlying physi-

cal or chemical process being studied. For example, a limited

set of experimental observations or the fitting process itself

can also induce correlations52. Although weighted out, pa-

rameters deduced from poor fits still count in the probability

distributions of the estimated parameters and may induce cor-

relations. We also observe an intrinsic correlation between

k4 and k7 which are associated to dehydrogenation processes

R4 and R7. These two reactions are linked and yield sequen-
tially ethylene (C2H4) and acetylene (C2H2) via very similar
pathway involving the elimination of a molecular hydrogen

(H2). In addition, both reactions present similar kinetic rates.

Therefore, it is not surprising that the corresponding rate con-

stants are correlated: altering either parameter during the fit-

ting procedure induces intrinsically a compensative change in

the other.

We conclude now with interpreting the resulting values

listed in Table 4. Most experimental studies in the gas phase

agree that CH radical is the less abundant first generation pho-

toproduct formed during the photolysis of methane24,27. We

observe the same trend in the solid phase: the CH radical is

produced in trace amount (around 2%). The branching ratios

are drastically different than those obtained in the gas phase

(see also Table 4), thus reinforcing the hypothesis that the en-

vironment and reverse reactions (unlikely to occur in the gas

phase) drive the photoproduct distributions during an irradia-

tion. The primary process yielding the methyl radical (CH3)

is predominant at 20 K, so saturated species and hydrocarbons

containing branched alkyl chains are likely expected. Since

the reaction requiring the least energy occurs the fastest (Ar-

rhenius law), we assume that the energies required to produce

the two other radicals are above the energy required to pro-

duce the CH3 radical12. This study can help in the identi-

fication of hydrocarbons on solar sytem bodies like Saturn’s

moon Titan that can present pure methane (CH4) ice in solid

aerosols or surface material. However, the pure methane ice
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studied here cannot be simply extrapolated to environments

where ices are likely to be mixed. The branching ratios deter-

mined in this work cover the wavelength range of a specific

microwave discharge H2 flow lamp setting. Although pure

methane ice presents high absorption close to Lyman-α and

very weak absorption from 132 to 165 nm38,53, this might not

be always the case, especially for photoproducts that absorb

at other available wavelengths. Future work should now focus

on monochromatic irradiations as well as binary ice mixtures

(e.g., N2:CH4 or porous H2O:CH4).

5 Conclusions

The results presented here demonstrate that the LDPI TOF-

MS technique can be used to perform a systematic kinetic

study on the methane photolysis in the condensed phase at

20 K and provide for the first time effective rate constants and

branching ratios for primary processes under VUV light domi-

nated by Lyman-α photons. This work is therefore relevant for

modelers in astrochemistry and planetary science. This new

experimental approach avoids the problems commonly en-

countered when using the regular surface science techniques

such as limited sensitivity during TPD, infrared band strengths

uncertainties, infrared band profile and infrared band overlaps

(RAIRS) particularly, in the specific case of complex ices. The

two main conclusions of the present work are:

• The photodissociation rates of pure methane ice at 20 K

for VUV light dominated by Lyman-α photons are rather

slow with less than 30 % converted in stable end-product

hydrocarbons containing two carbon atoms (ethane being

the most abundant photoproduct after ethylene and acety-

lene) for a total VUV fluence exposure of ∼ 1×1017 pho-

tons cm−2.

• The rate constants of the different photodissociation

channels of methane strongly depend on the environ-

ment. The resulting branching ratios derived here for

pure methane ice clearly deviate from previous gas phase

values. .

• Astrochemical models use and often extrapolate gas

phase reaction rate coefficients for the solid state. This

study shows that this may lead to considerable errors. It

also shows that laboratory kinetics studies in the solid

phase are now possible and provide for the first time data

highly needed in astrochemical models.
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