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Chemical models compute the gas-phase composition and the 
abundance of chemical species at the surface of dust grains 

assuming a budget of elements and a set of parameters. 
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Modèle 3-phases
Diffusion:
• Thermique
• Tunneling effect

Reaction:
• Langmuir-Hinshelwood
• Eley-Rideal

Desorption:
• Thermique
• Chemical
• Cosmic-ray induced
• Photodesorption

Dissociation:
• Photons 
• Secondary photons

Processes included:

The Nautilus gas-grain model



The Nautilus three-phase model 3761

Figure 2. Same as Fig. 1 but with the incorporation of the reaction–diffusion competition. Note that NH3, CH4 and H2CO have very low abundances in these
three models and may not be clearly visible on this plot.

In both two-phase models (Figs 1 and 2), NH3 and CH4 are ef-
ficiently produced by the successive hydrogenation of nitrogen and
carbon atoms on grains and can represent as much as ∼10 per cent
of the total ice material. The fact that these two molecules are pro-
duced with a slightly smaller abundance in the three-phase models
is mainly due to the fact that we use a low diffusion-to-binding ratio
of 0.4 for the surface as compared to 0.5 for the two-phase model.
This implies that atoms (other than H) or light molecules move
more rapidly on the surface by thermal hopping, making reactions
involving such species more competitive in front of hydrogenation
reactions.

In all models, there is a non-negligible contribution coming from
other molecules stated as ‘Others’ in Figs 1 and 2. The fraction of
the ices represented by these species can be as high as 30 per cent
at 2 Myr in models with the reaction–diffusion competition. In the
model where the full chemistry is activated for the surface and
the mantle (model b), this contribution comes principally from N-
bearing species such as HCN, N2, CH3NH2 and HC3N, but also
species such as CH3OCH3, HCOOH, HCO, CH3O, CH3CH2OH,
C2H6, CH2OH, CH3CCH and C2H5. The major ice compounds
(i.e. species having an abundance larger than 0.2 per cent with re-
spect to solid water) for this model are summarized in Table 2,
for t = 2Myr. From this table, it can be seen that HCN, N2,
CH3OCH3 and HCOOH account for ! 5 monolayers (denoted as
ML hereafter) each of the total ice thickness, CH3NH2 and CH3O
for ∼1 ML. Species like CH3CH2OH, C2H6, CH2OH, CH3CCH,
C2H5 are also present and account for 0.6–0.7 ML each, i.e. abun-
dances ∼2.0 − 2.5 per cent with respect to solid water. Such a high
abundance of complex organic molecules (e.g. CH3OCH3) may not

be realistic since no abstraction reactions are considered for the
formation of such molecules.

The fact that S-bearing species are absent from this list is due
to the low sulphur initial abundance used, which comes from the
low metal abundance of Graedel et al. (1982). As emphasized by
Theulé et al. (2013), a large part of these species has not been
observed in interstellar ices but are suspected to be present in ices
of molecular clouds. Such high abundance of radicals, such as HCO
and CH3O, has already been reported by Taquet et al. (2012) and
Chang & Herbst (2014). Unlike Taquet et al. (2012), Chang &
Herbst (2014) consider an active mantle chemistry, i.e. including
mantle photodissociation, diffusion and reaction but using a unified
microscopic–macroscopic Monte Carlo code. For these two species,
the results obtained with our three-phase model are found to be very
similar to those presented in Chang & Herbst (2014). Their model
also predicts a very high abundance of OH radical, which is not the
case in our simulations. This difference can be due to the fact that
they do not allow any H2 to remain on the grains because of the
rapid H2 accretion and desorption which considerably slows down
the Monte Carlo simulations. Consequently, they have no reactions
involving H2 at the surface and in the mantle of the grains. In our case
such high abundance of OH may not be observed due to the reaction
H2+OH→H2O+H (EA = 2100 K; Baulch et al. 1984), which is
found to be, as already mentioned, the major reaction leading to
H2O. Since in two-phase models, the surface chemistry is treated
assuming that the ice surrounding the interstellar grain core can be
represented as an isotropic lattice with periodic potential (i.e. the
surface and the mantle have same properties), this chemical diversity
is not as important, because photodissociation is counterbalanced
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Figure 2. Same as Fig. 1 but with the incorporation of the reaction–diffusion competition. Note that NH3, CH4 and H2CO have very low abundances in these
three models and may not be clearly visible on this plot.
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ficiently produced by the successive hydrogenation of nitrogen and
carbon atoms on grains and can represent as much as ∼10 per cent
of the total ice material. The fact that these two molecules are pro-
duced with a slightly smaller abundance in the three-phase models
is mainly due to the fact that we use a low diffusion-to-binding ratio
of 0.4 for the surface as compared to 0.5 for the two-phase model.
This implies that atoms (other than H) or light molecules move
more rapidly on the surface by thermal hopping, making reactions
involving such species more competitive in front of hydrogenation
reactions.

In all models, there is a non-negligible contribution coming from
other molecules stated as ‘Others’ in Figs 1 and 2. The fraction of
the ices represented by these species can be as high as 30 per cent
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model where the full chemistry is activated for the surface and
the mantle (model b), this contribution comes principally from N-
bearing species such as HCN, N2, CH3NH2 and HC3N, but also
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C2H6, CH2OH, CH3CCH and C2H5. The major ice compounds
(i.e. species having an abundance larger than 0.2 per cent with re-
spect to solid water) for this model are summarized in Table 2,
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for ∼1 ML. Species like CH3CH2OH, C2H6, CH2OH, CH3CCH,
C2H5 are also present and account for 0.6–0.7 ML each, i.e. abun-
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The fact that S-bearing species are absent from this list is due
to the low sulphur initial abundance used, which comes from the
low metal abundance of Graedel et al. (1982). As emphasized by
Theulé et al. (2013), a large part of these species has not been
observed in interstellar ices but are suspected to be present in ices
of molecular clouds. Such high abundance of radicals, such as HCO
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similar to those presented in Chang & Herbst (2014). Their model
also predicts a very high abundance of OH radical, which is not the
case in our simulations. This difference can be due to the fact that
they do not allow any H2 to remain on the grains because of the
rapid H2 accretion and desorption which considerably slows down
the Monte Carlo simulations. Consequently, they have no reactions
involving H2 at the surface and in the mantle of the grains. In our case
such high abundance of OH may not be observed due to the reaction
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found to be, as already mentioned, the major reaction leading to
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HCN, N2, CH3CHO, HCOOH, 
HCO, CH3O,…

Predictions of ice composition
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Numerical limitations of the diffusion formalism: 

Random walk 
Our models do not take into account the random nature of 
the diffusion of species on grains. We usually assume that all 
species will automatically scan the grain surface without 
coming back on its trail. 

-> study from Willis & Garrod (2017)


Competition reaction-diffusion 
Our models do not take into account the fact that a species 
does not necessarily hop from its site each time.

-> numerical trick to include such effect 



For reactions with activation barrier

Reaction-diffusion competition: 

Chang, Cuppen & Herbst 2007

if EA < Ediff, the reaction has a higher probability to occur than the 
diffusion of one of the two reactants.
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HCO is more easily produced: H+CO (EA=2500K)
CH3O as well: H+H2CO (EA=2200K)

Ruaud et al. 2016
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• Results depend on the diffusivity (ratio Ediff/Edes)
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Eley-Rideal
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• Boosts the formation of COMs at the surface of the grains
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Eley-Rideal mechanism and formation of complexes with the surface
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Simple method to estimate the binding energies (ED) for missing data (mostly 
radicals) + other updates from the literature (Wakelam et al. 2017). 

79 modified values (important in some cases). 

Strong impact on the model predictions from:

O (800K Tielens & Hagen (1982) -> 1600K experiements from He et al 2005, 
Ward et al 2012, Kimber et al 2014, Minissale et al 2016), 
CH3 (1175K C+(3/4)*(CH4-C) -> 1600K Wakelam et al.)
HCO (1600K CO+H -> 2400K Wakelam et al.)

Binding energies : keys for diffusion (for the moment) 
and desorption

ED Ediff = f ED
with f = 0->1



Old ED

New ED

New ED + diffusion of 
by tunneling effect O 
(Minissale et al. 2013) 
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Chemical desorption

Garrod et al. (2007) - based on the Rice-Ramsperger-Kessel theory (Rice & 
Ramsperger 1927, Kassel 1928). 

The chemical desorption mechanism is based on the idea that the energy released by 
exothermic reactions at the surface of the grains is partly transferred to the produced species. 
This energy is then distributed over the degrees of freedom of the molecule. The part of the 
energy that goes to the direction perpendicular to the surface will allow for the molecule to 
bounce on the surface with a probability to result in the desorption of the species. The 
efficiency of this process depends on the amount of energy that stays in the product and is not 
lost in the grain. This last parameter depends on the surface and is quite uncertain. In all cases, 
we assume that if the reaction results in more than one product, the chemical desorption is not 
efficient since the energy would then be distributed in the two products (see Garrod et al. 
2007).  
 
Two formalisms have been proposed in the literature to include this process in chemical 
models. Garrod et al. (2007) have used the theory of Rice-Ramsperger-Kessel (Rice & 
Ramsperger 1927, Kassel 1928), in which the probability of desorption is expressed as  

! = 1− !!
!!"#$

!!!
 

with ED the binding energy of the product, Ereac the energy released by the reaction (enthalpy 
of reaction), and s the number of vibrational modes in the molecule/surface-bound system. 
This last parameter is equal to 2 is the product of the reaction is a diatomic species while it is 
3n − 5 (with n the number of atoms in the specie) for other species. From P, we compute the 
fraction of products that would desorb at the end of the reaction by:  

! = !"
1+ !" 

 

with a = �/�S , and � is the surface-molecule bond-frequency and �S the frequency at 
which the energy is lost to the grain surface. The value of a is unknown and most studies 
consider values between 0.01 and 0.1, identical for all species, which leads to values of f 
approximately equal to that of a, i.e. between 1 and 10%. We will call this formalism RRK in 
the rest of the paper.  

More recently, Minissale et al. (2016) have proposed a new formalism, in which the fraction 
of evaporation depends on the mass of the product based on experimental results of a few 
surface reactions such as hydrogenation of O and CO, O + O and N + N reactions. In their 
formalism, the fraction of products evaporated is  

! = !!
!!

!!!"#$/! 

with N the number of degree of freedom’s of the produced molecule (N = 3n) and ! =  !!! !

!!! ! 
is the fraction of the energy kept by the product with a mass m. M is the effective mass of the 
surface, which depends on the nature of the surface and is not well constrained. Minissale et 
al. (2016) have shown that chemical desorption on water ices was much less efficient than on 
bare silicate or graphite grains. In fact, for most studied systems, the efficiency was below the 
detection level of the experiment. We have thus used the recommendation by these authors: 1) 
we have computed f assuming the surface effective mass for bare grains of 120 amu and 
divided the obtained values by 10 and, 2) for the three systems where the chemical desorption 

The chemical desorption mechanism is based on the idea that the energy released by 
exothermic reactions at the surface of the grains is partly transferred to the produced species. 
This energy is then distributed over the degrees of freedom of the molecule. The part of the 
energy that goes to the direction perpendicular to the surface will allow for the molecule to 
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This last parameter is equal to 2 is the product of the reaction is a diatomic species while it is 
3n − 5 (with n the number of atoms in the specie) for other species. From P, we compute the 
fraction of products that would desorb at the end of the reaction by:  
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with a = �/�S , and � is the surface-molecule bond-frequency and �S the frequency at 
which the energy is lost to the grain surface. The value of a is unknown and most studies 
consider values between 0.01 and 0.1, identical for all species, which leads to values of f 
approximately equal to that of a, i.e. between 1 and 10%. We will call this formalism RRK in 
the rest of the paper.  
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is the fraction of the energy kept by the product with a mass m. M is the effective mass of the 
surface, which depends on the nature of the surface and is not well constrained. Minissale et 
al. (2016) have shown that chemical desorption on water ices was much less efficient than on 
bare silicate or graphite grains. In fact, for most studied systems, the efficiency was below the 
detection level of the experiment. We have thus used the recommendation by these authors: 1) 
we have computed f assuming the surface effective mass for bare grains of 120 amu and 
divided the obtained values by 10 and, 2) for the three systems where the chemical desorption 

Desorption probability Fraction of molecules to evaporate

With a unknown 
taken between 
0.01 and 0.1.

Minissale et al. (2016) - based on experimental measurements of simple 
systems (O+H, CO+H, O+O and N+N)

Fraction of molecules to desorb

𝜖 unknown for ice surfaces.  

Measurements show an ef4icient process of bare grains but probably not on ices for big 
systems. 
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Chemical desorption

Efficiency of the Minissale’s chemical desorption much smaller on water ice 
than the Garrod’s one. No COMs in the gas-phase anymore.

 
Fig. 2 Gas phase abundances of CH3OH (solid lines), CH3CNH2 (dashed lines), and CO2 
(dotted lines) computed with the RRK (black lines) or the MDCH (grey lines) formalisms as a 
function of time.  

Model from Garrod et a. (2017)
Model from Minissale et al. (2016)



Detailed sticking of H2: effect on the disk molecular 
column densities
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Time scale of H2 
depletion is small. 
The sticking of H2 

needs to be 
treated with care.

Adding reaction H2-s + H2-s -> H2-s + H2 
Hincelin et al. (2015)

Wakelam et al. (2016)



Many other types of processes that need to be 
included or better included

✦Photo desorption (many studies - still under investigation) 

✦Sputtering induced by cosmic-rays (Dartois et 2019) 

✦Radiolysis by cosmic-rays (Shingledecker & Herbst 2018) 

✦Ro-thermal desorption from rotating grains (Hoang & Day Tung 2019) 

✦Characteristics of the grains (multi-grain sizes and surface natures)



Conclusion + résumé

Le modèle 3-phases aura tendance à produire plus d’espèces variées sur les 
surfaces (notamment des radicaux car peu de réactions dans le manteaux.

La compétition réaction/diffusion permet de produire plus de COMs tant que le 
rapport Ediff/ED est inférieur ou égal à 0.4.

Pour des diffusions plus lentes, le mécanisme Eley-Rideal + complexation 
permet de produire les COMs.

Si les ED des précurseurs CH3 et HCO est plus grande alors on ne forme plus de 
COMs (à moins d’avoir une super diffusion et ce malgré le processus Eley-
Rideal + complexation).

Avec le nouveau modèle d’évaporation chimique de Minissale -> on n’évapore 
plus rien.

-> plus à venir avec le travail de fond de JC



Surface data in KIDA

http://kida.obs.u-bordeaux1.fr/



Species!
A

Desorption energy!
- Emin, Emax, Emean, ν!
- Uncertainty on Emin!
- Uncertainty on Emax!
- Uncertainty on Emean!
- Method!
- Origin!
- Reference!
- Type of surface!
- Evaluation

Diffusion energy!
- E, ν!
- Uncertainty on E!
- Method!
- Origin!
- Reference!
- Type of surface!
- Type of diffusion!
- Evaluation

Data model for surfaces reactions



Reaction
A + B → C + D

Activation energy
- EA
- Pre-exponantial factor
- Uncertainty on EA
- Method
- Origin
- Reference
- Type of surface
- Evaluation

Barrier width for tunneling
- Value
- Uncertainty
- Method
- Origin
- Reference
- Type of surface
- Form of the barrier
- Evaluation

Branching ratio
- Value
- Uncertainty on BR
- Method
- Origin
- Reference
- Type of surface
- Evaluation

Data model for surfaces reactions
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Data model for substrate



Remarks:
1) Little reliable data available. 
2) Difficulty to characterize the nature of the surface.
3) Data strongly influenced by the nature of the surface, 

which is not homogeneous.
4) The data are not direct measurements but fitted by a 

model (necessity to homogenize the experimental 
methods). -> example of the pre-exponential factor for 
the fitting of diffusion and binding energies.

5) Many processes are just not yet understood and cannot 
be simply translated by a few parameters.

My opinion: not ready for a standard.

Data model for surface reactions



Bordeaux astrochemical tools

KInetic Database for Astrochemistry
http://kida.obs.u-bordeaux1.fr/

InterStellar Abundance database
http://isa.obs.u-bordeaux1.fr/

AstroChemical Newsletter
http://acn.obs.u-bordeaux1.fr/

Nautilus gas-grain code
http://perso.astrophy.u-bordeaux.fr/~vwakelam/Nautilus.html

Funding

http://kida.obs.u-bordeaux1.fr/
http://isa.obs.u-bordeaux1.fr
http://acn.obs.u-bordeaux1.fr/

